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A  COMPARISON OF OPTIMAL  AND  NOISE-ABATEMENT 
TRAJECTORIES OF A  TILT-ROTOR  AIRCRAFT 

By F . H .  Schmitz*, W.Z. Stepniewski, 
J. Gibs  and  E.  Hinterkeuser 

The Boeing  Company,  Vertol  Division 

SUMMARY 

In this  report,  the  possible  benefits  of  flight  path  con- 
trol to optimize  performance  and/or  reduce  the  noise  of  a 
tilt-rotor  aircraft  operating  in  the  takeoff and  landing 
phases  of  flight  are  investigated. The Vertol  Model  160  tilt- 
rotor  aircraft,  which  has  been  designed  primarily  for  the 
military  transport  mission,  is  used  in  this  theoretical  eval- 
uation. 

A mathematical  model  which  describes  the  kinematic  per- 
formance  and  acoustical  characteristics of the  aircraft  is 
developed.  The  kinematic  performance  model  governs  the  tilt- 
rotor  in  unaccelerated  climbing and descending  flight.  Vehicle 
accelerations  are  enforced  as  inequality  constraints,  along 
with  additional  limits  imposed by aerodynamic  and  structural 
considerations.  The  noise  generated  by  the  tilt-rotor  aircraft 
is  assumed  to  be  produced  entirely  by  the  rotor. It is  con- 
veniently  decomposed  into  the  conventional  classifications: 
rotational  noise  and  broad-band  noise. The latter  is  described 
by  empirical  methods,  while  a  simplified  theoretical  develop- 
ment  is  used to descrihe  the  rotational  noise  of  the  tilt-rotor 
aircraft.  Mathematical  techniques  are  also  formulated to 
assess  subjectively  the  resulting  noise  spectrum. 

A functional  expansion  technique  is  applied  to  the  control 
time  histories  of  this  constrained  performance and acoustic 
model of the  tilt-rotor  aircraft.  Parameter  optimization  tech- 
niques  are  then  used  to  locate  optimal  trajectories  which  mini- 
mize  time and/or fuel  during  takeoff  and  landing.  In  addition, 
proposed  noise-abatement  trajectories  are  calculated by a  judi- 
cious  choice of the  expansion  parameters. 

A comparison  among  optimal-performance  and  noise-abatement 
trajectories  for  the  tilt-rotor  aircraft  is  the  major  result  of 
this  report.  Minimum-time and -fuel  trajectories,  along  with 
proposed  noise-abatement  trajectories,  are  also  presented  in 

*Now  associated  with  the U . S .  Army  Air  Mobility  Research 
and  Development Lab, Ames  Directorate,  Moffett Field, Calif. 



d e t a i l .   I n   p a r t i c u l a r ,  i t  i s  shown t h a t   b y   f l y i n g   t h e   n o i s e -  
abatement t r a j e c t o r i e s ,   t h e   n o i s e   l e v e l   i n   t h e   t a k e o f f   p h a s e  
can be reduced  up t o  7 EPNdB* and as  much as 1 0  EPNdB* d u r i n g  
l a n d i n g .   F o r   t h e   c o n s i ' d e r e d .   t i l t - r o t o r   c o n f i g u r a t i o n ,   t h e  
a s soc ia t ed   fue l - consumed   pena l t i e s  Cas compared  with  the  mini-  
mum-fuel t r a j e c t o r y )  amounted t o  0.15 and 0 . 0 3  p e r c e n t ,   r e s p e c -  
t i v e l y ,   o f   t h e   g r o s s   w e i g h t .  

I .  INTRODUCTION 

F o r   t h e   p a s t  2 0  y e a r s ,   v e r t i c a l - t a k e o f f  and  - landing 
(VTOL) a i r c r a f t   h a v e   o f f e r e d   t h e   p r o m i s e  of f a s t ,   e f f i c i e n t ,  
a n d   c o n v e n i e n t   t r a n s p o r t a t i o n .   U n f o r t u n a t e l y ,   b e c a u s e   o f  
t e c h n i c a l  and o p e r a t i o n a l   p r o b l e m s ,  as w e l l  as l a c k   o f   a v a i l -  
a b l e   f u n d s ,   t h i s   p r o m i s e   h a s   n o t   b e e n   f u l f i l l e d ,  Most p ro to -  
type   and   research  a i r c r a f t  b u i l t  over t h e   y e a r s   d e m o n s t r a t e d  
t h e   t e c h n i c a l   f e a s i b i l i t y   o f  VTOL a i r c r a f t .  However, o t h e r  
i m p o r t a n t   f a c t o r s   h a v e ,  up t o  now, always  outweighed  the  pro-  
j ec t ed   advan tages   o f  VTOL f l i g h t .  A s u c c e s s f u l  VTOL a i r c r a f t  
d e s i g n e d   f o r  a m i l i t a r y   t r a n s p o r t   m i s s i o n   m u s t   s u c c e s s f u l l y  
meet t h e  ope ra t iona l   r equ i r emen t s   o f  t h e  mis s ion ,  be reason-  
a b l y   c o s t - e f f e c t i v e ,  and  be as q u i e t   a s   p o s s i b l e   t o   m i n i m i z e  
d e t e c t i o n .  A commercial VTOL a i r c r a f t  h a s   t o  compete  econom- 
i c a l l y  w i t h  o t h e r   f o r m s   o f   t r a n s p o r t a t i o n ,   s a t i s f y   s a f e t y  
requi rements ,   and  meet the  proposed  noise-annoyance c r i te r ia  
f o r  commercial o p e r a t i o n s .   I n   b o t h  cases, it i s  d e f i n i t e l y  
d e s i r a b l e   t o  maximize VTOL performance  and  minimize  the gene- 
r a t e d   n o i s e   t h r o u g h o u t   t h e   f l i g h t ,   b u t   e s p e c i a l l y  i n  t h e  
t e r m i n a l   o p e r a t i o n .  

I n   t h i s   r e p o r t ,  an  a t tempt  i s  made t o   u n d e r s t a n d   t h e   p e r -  
fo rmance   and   no i se   t r adeof f s   a s soc ia t ed   w i th   t he   ope ra t ion  of 
VTOL a i r c r a f t   i n   t h e i r   t e r m i n a l   p h a s e s   o f   f l i g h t .   T h i s  i s  
done  by  using a s p e c i f i c  VTOL a i r c r a f t ;   n a m e l y ,   t h e   V e r t o l  
T i l t - R o t o r  Model 1 6 0  wh ich   has   been   des igned   p r imar i ly   fo r  a 
m i l i t a r y   m i s s i o n .  The m a j o r   o b j e c t i v e s  of t h i s   a n a l y s i s  are  
t o  d e t e r m i n e   t h e  minimum-time  and  minimum-fuel t r a j e c t o r i e s   o f  
t h i s  t i l t - r o t o r   a i r c r a f t  and t o  assess the p o s s i b l e   b e n e f i t s  
of f l i g h t   p a t h   c o n t r o l  t o  r e d u c e   n o i s e   i n   t h e   t a k e o f f  and 
l a n d i n g   p h a s e s   o f   f l i g h t .  To i n s u r e  real is t ic  f l i g h t  trajec- 
to r i e s ,   a e rodynamic ,  s t r u c t u r a l ,  a n d   o p e r a t i o n a l   c o n s t r a i n t s  
are i n c l u d e d   i n  t h e  a n a l y s i s .   I n   a d d i t i o n ,   t h e   p o s s i b l e  
p e n a l t i e s   i n   p e r f o r m a n c e   ( f u e l  and time) which r e s u l t  from t h e  
e n f o r c e m e n t   o f   n o i s e   c o n s t r a i n t s   a r e   i n v e s t i g a t e d .  

I n   o r d e r   t o   p r o v i d e  as much c l a r i t y  as p o s s i b l e ,  a s i m p l i -  
f i e d ,   b u t   g e n e r a l i z e d ,   a p p r o a c h   t o   d e s c r i b e  a VTOL's performance 

*The concept   of  EPNdB and i t s  r e l a t i o n s h i p   t o   t h e  more f a m i l i a r  
-~ 

PNdB i s  d e f i n e d   i n   S e c t i o n  111, p. 53. 
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is  used.  The  advantages  of  such  an  approach are numerous. 
Performance is  i n v e s t i g a t e d   w i t h   t h e   h e l p   o f  a kinematic   model ,  
w h i l e   i n   t h e   a c o u s t i c a l   m o d e l ,   r o t o r   c o n t r i b u t i o n s  as r e p r e -  
s e n t e d  by t h e   r o t a t i o n a l  and  broad-band  noise  only,  are con- 
sidered. The  methodology  which  emerges  can  be  extended t o  
o the r   open-a i r sc rew VTOL a i r c r a f t   w i t h   s l i g h t   m o d i f i c a t i o n s .  
The mathematical  model  which i s  deve loped   can   be   u sed   t o   p re -  
d i c t   t h e   p e r f o r m a n c e   a n d   n o i s e   o f  a rotary-wing VTOL a i r c r a f t  
where  the  wing i s  con t inuous ly   immersed   i n   t he   s l i p s t r eam of 
t h e   r o t o r s .   T h i s   f l e x i b i l i t y   c a n   b e   u s e d   t o   d e s c r i b e   t h e   p e r -  
fo rmance   and   no i se   cha rac t e r i s t i c s   o f  a compound h e l i c o p t e r  
and   t i l t -w ing  as well as t h e   p r e s e n t   t i l t - r o t o r   a i r c r a f t .  

Ano the r   d i s t i nc t   advan tage   wh ich   t he   s imp l i f i ed   pe r fo rm-  
ance   and   acous t i c   mode l   o f f e r s  i s  t h e  ease wi th   wh ich   de t a i l ed  
s e n s i t i v i t y   s t u d i e s   a r e   u n d e r t a k e n .  The c o s t   o f   e n f o r c i n g  
a e r o d y n a m i c ,   s t r u c t u r a l ,   o r   n o i s e   c o n s t r a i n t s   c a n   b e   a s c e r -  
t a i n e d  by t h e o r e t i c a l l y   f l y i n g  t h e  a i r c r a f t  model   wi th   the  
s p e c i f i e d   c o n s t r a i n t s   m a t h e m a t i c a l l y   e n f o r c e d .  

Furthermore,   due t o   t h e   b a s i c   s i m p l i c i t y   o f   t r e a t i n g   p e r -  
formance  and  acoustics  with  kinematic  models  only,   the  computa- 
t i o n a l   t e c h n i q u e s   r e q u i r e d   t o   o b t a i n  an e n g i n e e r i n g  optimum a r e  
less f o r m i d a b l e .   T h e   p h y s i c a l   i m p l i c a t i o n s   o f   t h e   r e s u l t i n g  
o p t i m a l   t r a j e c t o r i e s   a r e   a l s o  more e a s i l y   a n a l y z e d ,   a f f o r d i n g  
t h e   e n g i n e e r  a c learer  i n s i g h t   i n t o   t h e   p r a c t i c a l   i m p l i c a t i o n s  
of   h i s   work .  

I t  should  be  ment ioned a t  t h i s   p o i n t   t h a t ,   w h i l e   i n   t h i s  
r epor t   p rob lems   o f   no i se   r educ t ion   t h rough  management o f   t h e  
t e r m i n a l   f l i g h t   t r a j e c t o r i e s   a r e   i n v e s t i g a t e d   a n a l y t i c a l l y ,  
t h e r e  are  a l s o   a t t e m p t s   t o   a t t a c k   t h o s e   p r o b l e m s   e x p e r i m e n t a l l y .  
F o r   i n s t a n c e ,   n o i s e - r e d u c t i o n   t e c h n i q u e s   f o r  a s m a l l   h e l i c o p t e r  
( less than  1 0  000  pounds )   t h rough   con t ro l   o f   he l i cop te r   ope ra -  
t i ng   cond i t ions   have   been   de t e rmined  by a f l i g h t  t e s t  program 
( r e f .  1) .  T h e s e   f l i g h t  t es t  r e s u l t s  may c o n t r i b u t e   t o  a b e t t e r  
unde r s t and ing  of t h e   t h e o r e t i c a l   r e s u l t s  of t h e   p r e s e n t   s t u d y .  

I n   o r d e r   t o   a c h i e v e  i t s  o b j e c t i v e s ,   t h e   r e m a i n i n g  body  of 
t h i s   r e p o r t  i s  s t r u c t u r e d   i n   t h e   f o l l o w i n g  manner: 

I n   S e c t i o n  11, a m a t h e m a t i c a l   m o d e l   o f   t h e   t i l t - r o t o r   a i r -  
c r a f t  i s  developed   which   pred ic t s   the   k inemat ic   per formance   of  
t h e   a i r c r a f t .   F o r   t h e   s a k e   o f   s i m p l i c i t y   a n d   c l a r i t y ,   s o p h i s -  
t i c a t e d   m a t h e m a t i c a l   r e f i n e m e n t s   a r e   o m i t t e d   f r o m   t h e   a n a l y s i s  
i f   t h e y   d o   n o t   s u b s t a n t i a l l y   i n f l u e n c e   t h e   p e r f o r m a n c e .  By 
k e e p i n g   t h e   c o m p l i c a t i n g   f a c t o r s  t o  a minimum, a bas i c   unde r -  
s t a n d i n g   o f   t h e   v e h i c l e ' s   s t e a d y - s t a t e   p e r f o r m a n c e   c h a r a c t e r -  
ist ics is  developed.   Vehicle   s t ructural   and  aerodynamic  con-  
s t r a i n t s  are a l s o   r e p r e s e n t e d   i n  a s impl i f ied   manner .  

I 
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. In Section 111, an  acoustic  model  of  the  tilt-rotor  air- 
craft is developed. The noise is assumed to be  generated 
entirely by the  rotor and is conveniently  decomposed  into  two 
classifications:  rotational  noise  and  broad-band  noise. The 
latter is described by empirical  methods.  A  simplified  theo- 
retical  development  is  used  to  describe  the  rotational  noise 
of  the  tilt-rotor  aircraft.  Mathematical  techniques  to  assess 
subjectively  the  resulting  noise  spectrum  are  also  presented 
in  this  section. 

In Section  IV,  optimization  techniques  which  can be used 
to solve  this  type  of  trajectory  optimization  problem  are  re- 
viewed. A functional  expansion  technique  is  applied to the 
constrained  kinematic  performance  model  developed in the  pre- 
ceding  sections  of  the  report.  This  technique  was  chosen 
because  of  its  relative  ease  of  implementation. 

In Section V, minimum-time  and  -fuel  trajectories of the 
simplified  theoretical  model  of  the  tilt-rotor  aircraft  are 
presented.  Emphasis  is  placed  upon  a  physical  fnterpretation 
of the  results,  along  with  an  analysis 0.f the  sensitivity o.f 
the  solution to the  important  performance and acoustic  con- 
straints. 

The last  section of the  report  (Section VI) presents  the 
conclusions  and  recommends  areas  of  fruitful  future  investiga- 
tions. 

Finally,  appendices  are  provided  that  elaborate  on some 
computational  techniques  as  well  as  give  more  physical  insight. 
into  the  problems of time  and  fuel  minimization  through a 
cursory  analytical and graphical  interpretation  of the  simpli- 
fied  kinematic model. 

11. THEORETICAL  TILT-ROTOR  PE.RFORMANCE MO,DEL 

The first  step  in  the  analytical  evaluation of possib,le 
tilt-rotor  noise-performance  tradeoffs  through  flight  trajec- 
tory  management  has  been  the  development of a  simplified 
mathematical  performance  model. This mathematical  model is 
capable  of  describing  the  aircraft  performance  and  resulting 
trajectory  in  all  modes  of  out-of-ground  effect  airborne 
flight. Aerodynamic,  structural, and  control  power  limits  are 
used  to  constrain  the  permissible  flight  envelope. 

The Tilt Rotor Aircraft 

In the  present  study,  the  developed  performance  method- 
ology  is  applied  to  a  particular  tilt-rotor  aircraft:  the 

4 



Vertol  Model 160. A brief  outline  of the 160 design  char- 
acteristics  needed  for  this  analysis can be  found  in  Appendix 
A. It may be emphasized at this  point  that  the  tilt-rotor 
aircraft  which  is  considered  in  this  analysis  has  been  pri- 
marily  designed  for the transport  mission. It is  similar  in 
its  basic  concept to the  Bell XV-3 tilt-rotor  aircraft  which 
has  undergone  extensive  flight  testing. The basic  configura- 
tion is depicted  in  the  following  illustration. 

Figure 11-1. Artist's  Conception  of a Tilt-Rotor  Aircraft 

The  most  prominent  feature  of  this  type  of  vehicle  is  its 
high  fixed  wing  with  tiltable  nacelles at each  wing tip. Each 
nacelle  comprises  a  prop-rotor,  a  transmission,  engine,  and 
the  necessary  supporting  structure. The nacelle  is  tilted  by 
a  hydraulic  jack  about  a  line  near the prop-rotor  thrust  axis. 
During  the  conversion  cycle,  the  rotor  tilts  through 90 degrees, 
while  the  wing  remains  fixed  with  reference  to  the  fuselage. 

The tilting  rotor  configuration  promises  good  aerodynamic 
efficiency  in  hovering  and  in  cruise  flight.  Advantage is 
taken of the  high  degree  of  freedom in selecting,  somewhat 
independently,  the  rotor  disc  loading  and  the  wing  loading. 
The low disc  loading  rotor (%lo lbs/ft2) is responsible  for 
hovering  performance  of  the  aircraft  which  approaches  that  of 
the  helicopter. 
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Moderately  high speeds and  favorable cruise  performance  are 
achieved  through a high  wing  loading ('~80 lbs/ft2). 

The control  system for the  tilt-rotor  aircraft  in  the 
helicopter  configuration is typical  of the side-by-side  con- 
figurations: roll control is achieved  through  differential 
collective pitch, while simultaneous  monocyclic  input is used 
for  pitch  control.  Differential  cyclic  provides  the  necessary 
yawing  moment  control.  Collective  pitch inputs, together  with 
rotor rpm, govern  thrust  level.  In  cruise flight, normal  air- 
plane  controls  are used, and a mechanical  unit  programs  the 
mixing  of  the controls  during  conversion. 

Aerodynamics 

A significant  portion of  the  tilt-rotor's  flight  envelope 
is spent  in  those  regimes  where  aerodynamic  interaction of the 
major  aerodynamic  forces is inevitable.  Simplified  theoretical 
models of  the  aerodynamic  forces  produced by the  rotors, wing, 
and  nacelles  and  their  interaction  are  discussed  below. 

The low  disc  loadinq  rotor  in  forward  flight. - Obtaining 
an  accurate  assessment  of  the  performance  of a low  disc  loading 
rotor  in  forward  flight  is a formidable  task. A detailed 
knowledge  of  the  surrounding  flow  field  as well as  the  design 
characteristics  of  the  rotor  is  information  needed 2 priori  to 
accurately  predict  rotor  performance. At present,  there  are 
many  independent  analyses  which  claim to predict  nonaxial 
flight  rotor  performance.  Unfortunately, the  methods  are  all 
similar  in  one  respect:  they  are  rather  complex  and  require 
digital  computers for solutions  to r o t o r  performance. 

Since  the  main  interest  of  this  work  is  in  the  gross 
aspects  of  rotor  performance,  the  necessary  generalized  per- 
formance  characteristics  can  be  simply  obtained  by  using a 
combination  of  classical  simple  momentum  and  blade  element 
theories.  More  refined  analytical  methods  do not appear  justi- 
fied  for  the  considered  case. 

Simple  momentum  theory is used  for  prediction  of  the  axial 
forces.  Under  the  assumptions of simple  momentum  theory  (uni- 
form  induced  velocity  over  the  whole  disc  area;  no  rotation of 
the  slipstream, and no tip  losses),  the  expression  relating 
thrust,  forward  velocity,  induced  velocity,  and  inclination of 
the  tip  path  plane  becomes 

(11-1) 
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Figure  11-2  shows  a  vector  diagram of the mail 
interactions of the  rotor disc. 
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Figure  11-2 

In helicopter  translational  flight,  the  drag ( 

blade  is  the  cause  of  an  effective  in-plane  force ( 

It has  been  assumed  that  this 'lpseudo'l H-force, wh- 
trated  in  Figure  11-2,  can  be  analytically approxil 
following  equation  (ref. 2). 

Wing-slipstream  aerodynamic  interactions. - Ti 
of  aerodynamic  forces and moments of a  wing  which 
or  fully  immersed  in  the  slipstream  of  a  prop-roto.! 
plex  subject.  An  accurate  determination  of  these 
moments,  which  would  probably  require  some detailec 
of the  flow  field  surrounding  the  lifting  surface 
the  scope  of  this  report.  Instead,  the  overall as: 
wing  fully  immersed  in  a  slipstream  are  approximat: 
plified  analytical  expressions. 

The major  assumption of this  analysis  is  that 
slipstream  velocity  covering  the  liftinq  surface c. 
approximately  represented by the  vector  sum  of  the 
velocity  and  the  fully  developed  induced  velocity ( 

It is  also  assumed  that:  the  thrusting  rotor prod1 
form  induced  velocity  distribution;  the  slipstream 



t h e   t h r u s t i n g   r o t o r  i s  f u l l y   c o n t r a c t e d  a n d   c o v e r s   t h e   e n t i r e  
w i n g ;   a n d   r o t a t i o n a l   s l i p s t r e a m   e f f e c t s  can   be   neg lec t ed .  

A v e l o c i t y   d i a g r a m   d e p i c t i n g   t h e   r e s u l t i n g   a e r o d y n a m i c  
i n t e r a c t i o n s  i s  shown below (Figure  11-3) 

2 7  cos  (a,) 

T / 

Figure  11-3 

From geometry,  

V" = 4v + 4v cos  (a,) + v 2 2 2 

(11-3) 

( 1 1 - 4 )  

(11-5) 

Qconf = - 8 + y (11-6)  

I t  i s  f u r t h e r  assumed t h a t   a l l  of t h e  aerodynamic lift i s  
d e r i v e d   f r o m   t h e   s l i p s t r e a m   f l o w   o v e r   a n  immersed  wing.  The 
t o t a l   l i f t  and   drag   of   the   aerodynamic   sur face  i s  mathemati- 
c a l l y   r e p r e s e n t e d   b y   t h e   f o l l o w i n g   e q u a t i o n s :  
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The  wing  of   the  Vertol  Model 160 a i r c r a f t   h a s  t w o  addi -  
t i ona l   ae rodynamic   dev ices :  a l ead ing   edge   umbre l l a   f l ap   and  
a t r a i l i n g   e d g e   f l a p   ( F i g u r e  1 1 - 4 )  . 

Umbrella 
T r a i l i n g  Edge F l a p  

9 /  
F i g u r e  1 1 - 4  

The p u r p o s e   o f   t h e   l e a d i n g   e d g e   u m b r e l l a   f l a p  i s  t o   r e d u c e  
t h e  download  on t h e  wing i n   t h e   h o v e r i n g   a n d   v e r t i c a l  climb 
modes  of f l i g h t .  A s  t h e   a i r c r a f t   a c q u i r e s   f o r w a r d   s p e e d ,   t h e  
f l a p  i s  q u i c k l y   r e t r a c t e d .  However, f o r   t h e   s a k e   o f   s i m p l i c i t y ,  
t he   umbre l l a   f l ap   has   no t   been   i nc luded  i n  t h e   a n a l y t i c a l  
model .   Therefore ,   the   hover ing   and   ver t ica l   c l imb  per formance  
r e s u l t s  which a r e   p r e s e n t e d   a r e   s l i g h t l y   c o n s e r v a t i v e .  

The t r a i l i n g   e d g e   f l a p   s y s t e m  may b e   u s e d   t o   i n f l u e n c e  t h e  
p e r f o r m a n c e   o f   t h e   a i r c r a f t   i n   a l l  modes o f   f l i g h t .  An ana ly-  
t i c a l  r e p r e s e n t a t i o n   o f   t h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s  of t h e  
t r a i l i n g   e d g e   f l a p  i s  inc luded  i n  t h i s   s t u d y .  

The t o t a l  wing  area  (SW) of t h e   t i l t - r o t o r   a i r c r a f t  i s  
composed  of t h e   b a s i c   w i n g  area p l u s   t h e   a r e a   o f  the t r a i l i n g  
edge   f lap   sys tem.  A t  hover ,  when a download e x i s t s  on t h e  
w ing ,   t he   e f f ec t ive   w ing  area a n d   t h e   r e s u l t i n g  download may 
be  reduced by l o w e r i n g   t h e   t r a i l i n g   e d g e   f l a p   t o  i t s  f u l l  9 0 °  
p o s i t i o n .  A t  small f o r w a r d   v e l o c i t i e s ,   t h e   t r a i l i n g   e d g e   f l a p  
may be  programmed t o   i n c r e a s e   t h e   p e r f o r m a n c e   o f   t h e   v e h i c l e .  
The e f f e c t i v e  area of the  complete   wing w i l l ,  t h e r e f o r e ,   v a r y  
w i t h   f l a p   p o s i t i o n .  

To s i m p l i f y   t h e   a n a l y t i c a l   r e p r e s e n t a t i o n   o f   t h e   l i f t  and 
d r a g   c o e f f i c i e n t s   o f   t h e   a e r o d y n a m i c   s u r f a c e ,   t h r e e   d i s t i n c t  
f low  regimes were i d e n t i f i e d :  
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R e g i m e  I -14" L aw L 15" 

R e g i m e  I1 15" < aw 90"  

R e g i m e  I11 -90"  aw < - 1 4 "  

L-Regime I I I - & R e g i m e  1 4 - R e g i m e  11-4 

Figure  11-5 

I n  Regime I, ( - 1 4 "  F aw 5 1 5 " )  , b a s i c   l i f t i n g   l i n e   t h e o r y  
i s  used t o   p r e d i c t   t h e   l i f t   c o e f f i c i e n t   o f   t h e  wing.  The lift 
c o e f f i c i e n t  becomes: 

10 
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where 2 E l i f t   c u r v e   s l o p e   o f   t h e   b a s i c   w i n g  = 5 r a  
d L  

a aW 
d .  

-1 

a o ~  t h e   a n g l e   o f   z e r o   l i f t   o f   t h e   w i n g  = - 0 . 0 4 4  r a d .  

The i n c r e a s e   i n   l i f t  which  occurs  when t h e  f l a p  i s  de- 
f l e c t e d  i s  g iven   by   t he   fo l lowing   expres s ion :  

ACL = CF, s i n ( 6 f )  

where 

CF1 Z ACL I E t h e  maximum i n c r e a s e  = 0 . 8  i n  l i f t   c o e f f .  
6=90" 

The numer i ca l   va lues  shown are r e p r e s e n t a t i v e  of t h e  
V e r t o l  Model 1 6 0  c o n f i g u r a t i o n .  The e x p r e s s i o n   f o r  t h e  t o t a l  
aerodynamic l i f t   c o e f f i c i e n t  becomes 

CL = 5 ( a w  + 0 . 0 4 4 )  + 0 . 8  s i n ( 6 f ) .  (11-9) 

The  aerodynamic  surface i s  assumed t o   b e   s t a l l e d  i n  Regime 
I1 (15" < aw - < g o o ) .  When s t a l l  f i r s t   o c c u r s ,   t h e  l i f t  c o e f f i -  
c i e n t  of t h e  wing a t t a i n s  i t s  maximum value  which i s  e q u a l   t o  

When aw = 90°, it i s  assumed t h a t  no l ift c a n  be  developed.  
I t  i s  a l s o  assumed t h a t   t h e  l ift c o e f f i c i e n t   i n   t h e  i n t e r -  
media te  s ta tes  is  a l i n e a r   f u n c t i o n   o f   t h e s e  two endpo in t s .  
The s lope   o f   the   curve   becomes  



The r e s u l t i n g   l i f t   c o e f f i c i e n t  i s  

CL = 0.764(1.52 + C F ,  s i n ( & , ) )  ( ~ / 2  - cyw). (11 -10)  

I n  Regime I11 ( - 9 0 °  aW < -14 ’1 ,  t he   w ing  i s  always 
o p e r a t i n g  a t  a n e g a t i v e l y   s t a l l e d   a n g l e   o f   a t t a c k .   T h i s   c o n d i -  
t i o n  i s  q u i t e   p r e v a l e n t   i n   t h e   t i l t - r o t o r  a i r c r a f t  a t  small 
f o r w a r d   v e l o c i t i e s .  A t  t h e   o n s e t   o f   n e g a t i v e  s t a l l ,  t h e   l i f t  
c o e f f i c i e n t   a t t a i n s  i t s  minimum v a l u e .  

CLrnin = C L I  = -1 .0  + CF1 s i n ( A f ) .  
aw=-140 

Near  hover,  when aw = 90° ,  it is  assumed t h a t  no l i f t  can  be 
deve loped .   In   i n t e rmed ia t e  s ta tes ,  a l i n e a r   v a r i a t i o n   o f   t h e  
l i f t   c o e f f i c i e n t  i s  assumed.  The l i f t   c u r v e   s l o p e  becomes 

acL - 

a a W  
” CL1cxw=-140(760.n) = 0.754(-1.0 + C F ,  s i n ( & , ) ) .  

The l i f t   c o e f f i c i e n t   f o r  Regime I11 i s  

CL = 0.754(-1.0 + CF, s i n ( S f ) )  ( a w  + n/2). (11-11) 

The d r a g   c o e f f i c i e n t   i n   a l l   t h r e e   r e g i m e s  i s  composed  of 
two pa r t s :   an   i nduced  term and a p r o f i l e  term. I t  i s  assumed 
t h a t   i n  a l l  t h r e e   r e g i m e s   o f   f l i g h t ,   t h e   i n d u c e d   d r a g   c o e f f i -  
c i e n t  i s  e q u a l   t o :  

C D ~  = CL  /nARe 
2 ( 1 1 - 1 2 )  

where XI = a s p e c t   r a t i o  of  the  wing = 7 . 9  
and e E O s w a l d ’ s   e f f i c i e n c y   f a c t o r  = 0 . 9 .  

The p r o f i l e   d r a g   o f   t h e   t i l t - r o t o r  wing i s  markedly 
d i f f e r e n t   i n   e a c h   r e g i m e .  I n  Regime I ,  it is  assumed t o  be 

f o ,  + f O / f  - 2 (11-13) 

The boundar i e s   o f   t h i s   r eg ime  are s k e t c h e d   i n   F i g u r e  11-6 .  
The c o n s t a n t  f,, i s  t h e   u n f l a p p e d   w i n g   b a s i c   p r o f i l e   d r a g  

12 



coefficient. The term  which is parabolic  in  the  flap  deflec- 
tion  angle  represents  the  profile  drag  coefficient  which 
results  when  the  flap is raised or lowered. The numerical 
values  of fo,(O.O1l) and f o 2  (0.1) are  representative  of  the 
Vertol  Model 160 tilt-rotor  aircraft. 

Regime I 
-14O 5 ow 15O 

cDp VS CL 

I .  
I :  

1 

2 . 0  

CL 

5 

Figure  11-6 

The  total  wing  drag  coefficient  for  Regime I becomes 

1- 
Profile  Induced 

(11-14) 

When  the  wing  is  completely  stalled,  as  in  Regime 11, the 
profile  drag  coefficient  is  assumed to be  of  the  parabolic 
form 

(11-15) 

The  maximum  profile  drag  coefficient  occurs  when aw = 90 ’  
(CL = 0). A realistic  value  for  the  constant  CF3 (0.731) has 
been  evaluated  from  wind  tunnel  download  tests  (ref. 3 ) .  It is 
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i m p l i c i t l y   a s s u m e d   i n  eq. (11-15) t h a t   d e f l e c t i n g   t h e   f l a p   i n  
t h e   p o s i t i v e   d i r e c t i o n   d o e s   n o t  a l te r  t h e   b a s i c   d r a g   c h a r a c t e r -  
i s t ics  o f   t he   ae rodynamic   su r f ace .  The f a c t o r  fSl i s  e v a l u a t e d  
by  assuming t h a t   t h e   d r a g   c o e f f i c i e n t  i s  a con t inuous   func t ion  
and  equat ing  eqs .   (11-13)   and ( 1 1 - 1 4 ) .  The express ion   which  
r e s u l t s  i s  

where C L ~ ~ ~  = 1.52 + CF1 s i n ( b f ) .  

The boundar ies  of Regime I1 a r e   s k e t c h e d   i n   F i g u r e  1 1 - 7 .  
The t o t a l  w ing   d rag   coe f f i c i en t   becomes  

CD = CF, - fSlcL2 + CL2/rMe.  
” 

Prof  i le  Induced 

(11 -17)  

-1.0 - . 5  

F i g u r e  11-7 
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In Regime 111, a parabolic  form is also  assumed  for  the 
basic  profile  drag  coefficient. 

C D ~  = C F ~  - CF, sin  (6f) - fLl  cL2. (11-18) 

In this  regime,  dropping  the  trailing  edge  flap  does  reduce 
the  download on the  wing.  From  static  download  hover  tests, 
realistic  values  for  CF,  (0.731),  and  CF2 (0.325) have  been 
determined. The factor f'S1 can  be  found,  as  in  Regime 11, 
by equating  the  expressions  for  profile  drag  coefficient  in 
Regimes I (eq.  11-13)  and  I11  (eq.  11-18) at  a  wing  angle  of 
attack  of -14'. 

Thus, f& 
- CF - CF, sin(6f) - fo0 - fo,6f2 - "3- 

2 
min 

(11-19) 

where C L ~ ~ ~  = -1.0 + CF, sin('6f). 

The boundaries  of  the  profile  drag  coefficient  in  Regime 
I11  are  illustrated  in  Figure  11-8. 

Regime I I 1  
(-90" - t w  - 1 4 " )  

CDp v s  cL 

Figure  11-8 
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The  total  wing  drag  coefficient becomes: 

CD = CF3 - CF2  sin(6f) - f IS1 CL2 + CL2/T?Re (11-20) 

P r o X e  Induced 
\ 1 - 

A combined  sketch  of  the  assumed  profile  drag  coefficients  is 
given  in  Figure 11-9. 

-1.0 - . 5  5 

Figure 11-9 
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T h i s   f i g u r e   s u m m a r i z e s   t h e   a n a l y t i c a l   e f f o r t s   o f   t h e  l a s t  few 
p a g e s .   T a k e n   t o g e t h e r   w i t h   F i g u r e   1 1 - 5 ,   t h e   l i f t   a n d  drag 
c h a r a c t e r i s t i c s   o f   t h e   w i n g   o p e r a t i n g  between k  IT/^ are com- 
p l e t e l y   s p e c i f i e d .   M a t h e m a t i c a l l y ,   t h e s e   c h a r a c t e r i s t i c s  are 
summarized  below: 

1 .754(-1.0 + CF1 s in (6 f ) ) . [ aw + (3.14/2.0)] -9O0raW<-14"  

CL,= 5 .0 (aw - aOL) + CF1 s i n ( 6 f )  - 1 4 " ~ a , 5  15" 

.764(1.52 + CF1 s i n ( a f ) ) [ ( 3 . 1 4 / 2 . 0 )  - a w l   1 5 " < a w ~  90"  

'Lrnin = -1 .0  + CF1 s i n ( b f )  

CD, = CF, - f s l  C L ~  + CL2/rme 

[cF3 - f,, - f o 2  b f l  
fsl 

- - 

CL2max 

'Lrnax = 1.52 + CF1 s i n ( 6 f )  

15"<a  L 9 0 "  

Other   aerodynamic   forces .  - I t  has   been  assumed,   for  
s i m p l i c i t y ,   t h a t   t h e   r e m a i n i n g   a e r o d y n a m i c   f o r c e s   a c t i n g  on 
t h e   t i l t - r o t o r   a i r c r a f t   c a n   b e   t r e a t e d  as aerodynamic  drag. 
Two a d d i t i o n a l   s o u r c e s  of p a r a s i t e   d r a g  are i d e n t i f i e d ;   d r a g  
due t o   n a c e l l e s  and a r e s i d u a l   d r a g   r e f l e c t i n g   t h e   f u s e l a g e ,  
empennage  and i n t e r f e r e n c e   d r a g .  

When t h e   n a c e l l e s  of t h e   t i l t - r o t o r   a i r c r a f t  are i n   t h e  
v e r t i c a l   p o s i t i o n  ( Q P  = g o o ) ,  a large i n c r e a s e   i n   t h e   p a r a s i t e  
drag   occurs .   This   increase   has   been   measured   in   the   wind  
t u n n e l  on a c o n f i g u r a t i o n  s imilar  t o   t h e  Model 160. Typica l  
v a l u e s   o f   p a r a s i t e   d r a g   c o e f f i c i e n t   v e r s u s   r o t o r   p y l o n   a n g l e  
o f   a t t a c k  (a,) f o r   t h e   V e r t o l  Model  150 t i l t - r o t o r   a i r c r a f t  
are shown i n   F i g u r e  11-10  ( r e f .  4 ) .  

The i n c r e a s e   o f   p a r a s i t e   d r a g   c o e f f i c i e n t   w i t h   a n g l e  of 
a t t a c k   a b o v e   t h e   a i r p l a n e   c o n f i g u r a t i o n  w a s  assumed t o  be 
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r e p r e s e n t a t i v e  fo r  t h e   t h e o r e t i c a l  model of a t i l t - r o t o r  a i r -  
c r a f t  which i s  c o n s i d e r e d   i n   t h i s  report. T h i s   i n c r e a s e   i n  
basic p a r a s i t e  drag c o e f f i c i e n t  i s  a n a l y t i c a l l y   e x p r e s s e d  by 
t h e   f o l l o w i n g   e q u a t i o n :  

(11 -21)  

where A C h A c  = 0.139 I max 

The i n c r e a s e   i n   d r a g   d u e   t o   o p e r a t i o n   o f   t h e   n a c e l l e s  a t  
l a r g e   a n g l e s  of a t t a c k  becomes 

“p - DEG 
‘ W A C  ”’ “P 

F igu re  11-10  

The t o t a l   d r a g  of t h e   n a c e l l e s  i s  found  by summing t h e  
d r a g   o f   t h e   n a c e l l e s   i n   t h e   l e v e l   f l i g h t   a i r c r a f t  mode and 
t h e   i n c r e a s e   i n   d r a g   p r e d i c t e d  by eq.  ( 1 1 - 2 2 ) .  The d rag  
c o e f f i c i e n t  fo r  l e v e l  f l i g h t   i n   t h e  a i r c r a f t  c o n f i g u r a t i o n  i s  
c a l c u l a t e d   t o  be 

C D ~ A C  = 0 . 0 0 4 .  

The t o t a l   d r a g   o f   t h e   n a c e l l e s  becomes 
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The r e s i d u a l   p a r a s i t e   d r a g   c o e f f i c i e n t  i s  d e f i n e d  t o  be 
t h e   d i f f e r e n c e   b e t w e e n   t h e  t o t a l  p a r a s i t e   d r a g   c o e f f i c i e n t  
c a l c u l a t e d   i n   t h e   a i r c r a f t  mode (0.0316)  and  the sum o f   t h e  
c a l c u l a t e d   w i n g   p r o f i l e   d r a g   c o e f f i c i e n t   a n d   n a c e l l e   p a r a s i t e  
d r a g   c o e f f i c i e n t .   F o r   t h e  Model 1 6 0  t i l t - r o t o r   a i r c r a f t ,  
C D ~ S L  = 0.0166,   and  thus,   the   corresponding  drag  force  becomes:  

( 1 1 - 2 4 )  

Performance  Equat ions 

The basic   aerodynamic  and  body  forces  are r e l a t e d   t o   t h e  
o v e r a l l   p e r f o r m a n c e   o f   t h e   a i r c r a f t   b y   t h e   l o n g i t u d i n a l   e q u a -  
t i ons   o f   mo t ion .  The  two f o r c e   b a l a n c e   e q u a t i o n s   a n d   t h e  
scalar  p o w e r   e q u a t i o n   g o v e r n   t h e   m o t i o n   o f   t h e   a i r c r a f t   i n  
space .  The k i n e m a t i c  e q u a t i o n s   i n t e g r a t e   t h i s   p o i n t   p e r f o r m -  
a n c e   t o   y i e l d   t h e   s p a t i a l   c o o r d i n a t e s   o f  t h e  v e h i c l e .  

A t  t h i s   p o i n t ,  i t  s h o u l d   b e   n o t e d   t h a t   f o r   t h e   s a k e   o f  
s i m p l i c i t y ,   t h e  moment b a l a n c e   e q u a t i o n s   a r e   n o t   i n c l u d e d   i n  
the   computa t iona l   p rocedure .   Th i s  w a s  j u s t i f i e d  by t h e  
fo l lowing:  ( a )  i n  t h e  c a s e   o f   t h e   c o n s i d e r e d   a i r c r a f t ,   s u f f i -  
c i e n t   c o n t r o l   f o r c e s   a n d / o r  moments are a v a i l a b l e  from t h e  
r o t o r  and t h e   t a i l   s u r f a c e s ,   t h u s   p e r m i t t i n g   o n e   t o   a t t a i n   t h e  
necessa ry  moment equ i l ib r ium,   and   (b )   t hose   con t ro l   fo rces   and  
moments w o u l d   n o t   s i g n i f i c a n t l y  a l t e r  e i t h e r   t h e   f l i g h t   t r a j e c -  
t o r y   o r   a i r c r a f t   a c o u s t i c   c h a r a c t e r i s t i c s   e s t a b l i s h e d  from t h e  
l o n g i t u d i n a l   e q u a t i o n s  of  motion  only.  

Fo r   conven ience   and   ea se   o f   i n t e rp re t a t ion ,  t h e  p o i n t   p e r -  
formance  equat ions  have  been  nondimensional ized.  The  chosen 
r e f e r e n c e   c o n d i t i o n s  are  based upon hovering  out-of-ground 
e f f e c t  f l i g h t -  A s  a r e s u l t ,  a s imple   s ca l ing   pa rame te r   gove rns  
t h e  e f f ec t  o f   a l t i t u d e ,   w e i g h t ,   a n d  some design  changes upon 
o v e r a l l   a i r c r a f t   p e r f o r m a n c e  . 

Force   ba l ance   equa t ions .  - By summing f o r c e s   i n   t h e   l o n g i -  
t u d i n a l   p l a n e   o f   m o t i o n ,   t h e   d y n a m i c   t r a j e c t o r y   e q u a t i o n s   o f  
t h e   t i l t - r o t o r   a i r c r a f t   c a n   b e   o b t a i n e d .   F i g u r e  11-11 i l l u -  
s trates the  major   aerodynamic  and  body  forces   considered.  

Using a wind ax is   sys tem  and  summing f o r c e s   p a r a l l e l   a n d  
p e r p e n d i c u l a r   t o   t h e   r e l a t i v e   w i n d ,   t h e   f o l l o w i n g   e q u a t i o n s  
r e s u l t :  

P a r a l l e l  (Drag   Equa t ion ) ,  

- W s i n y  - H sin(cr,) = m(dV/dt).  
(11-25) 
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Perpendicular (Lift Equation) 

T sin(ap) + L, cos(aV) - Ds sin(av) - W cos y + H cos(a ) 
P 

= mV(dy/dt). (11-26) 

I" 
Figure  11-11 

In most  atmospheric  trajectory  optimization  problems,  a 
wind  axis  system is used  because  some  saving  in  mathematical 
complexity  is  realized.  However,  for VTOL aircraft,  at  zero 
forward  velocity,  the  lift  equation  becomes  singular,  creating 
computational  difficulties. To avoid  this  problem,  the  con- 
straint  that  the  velocity  of  the  aircraft  be  greater  than  zero 
is  enforced. In  near  hovering  flight,  a  body  axis  system  is 
used to evaluate  the  balance  of  forces. 

Both  sides of the  two  force-balance  equations  are  non- 
dimensionalized  by  dividing  by  the  weight  of  the  aircraft and 
by introducing  the  following  definitions: 
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Power  b.alance  equations. - For operation  at  constant  rpm, 
the  amount of power  which  is  expended by the  rotors  must  be 
equal  to  that  delivered by  the  engines. 

where qc fraction of maximum  horsepower  available 

(Hp)max.av. - (HP)max.av. 
- - /hovering  power  required. 

Using  the  previously  described  combination of simple 
momentum  theory  and  blade  element  theory,  the  power  required 
may be  expressed  as 

'req = T(V cos(ap) + v) + Ppro(l.O + p 2 )  (11-30) 

where Ppro E profile  power  in  hover 

E ( 1 / 8 ) ~  R2 p Vt3 Edo 

and p = (V sin (ap)/QR) . 

The power  required  is  nondimensionalized  by  the  ideal 
hovering  power  required. The resulting  equation  becomes 

- 
'req = AT(T cos(ap) + 7) + Fpro(l.O + p 2 )  (11-31) 

Two Lycoming  turboshaft  "growth  engines" (LTC-4B-12) 
supply  the  power-available  for  the  Vertol  Model 160 tilt-rotor 
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a i r c ra f t .  A c o m p l e t e   d i s c u s s i o n   o f   t h e   p r e d i c t e d   c h a r a c t e r -  
i s t ics  o f   t h i s   e n g i n e  i s  p r e s e n t e d   i n   r e f .  5. The fo l lowing  
e q u a t i o n s  were developed t o  approximate  the  horsepower ava i l -  
a b l e .  

(11-32) 

SHPmax = 0.00348(T/518.7) V2 + (4485. - 0.1313H 

+ 1 . 0 6 4  x H 2 )  (11-33) 

where H E a l t i t u d e   ( f e e t )  
V : t r u e   a i r s p e e d   ( f t / s e c )  
T : t empera tu re  ('Rk) 

c t r  = t r a n s m i s s i o n  e f f i c i e n c y ,   a l s o   r e f l e c t i n g  
i n s t a l l a t i o n  and   accesso ry   l o s ses .  

- 

Kinemat ic   equa t ions .  - The t r a j e c t o r y   o f   a n   a i r c r a f t  i s  
usua l ly   desc r ibed   i n   an   ea r th - f ixed   coord ina te   sys t em.  How- 
eve r ,   veh ic l e   pe r fo rmance  i s  a n a l y z e d   i n  a wind ax i s   sys t em.  
The equat ions   which  re la te  t h e  two coord ina te   sys t ems  are g iven  
be  low. 

dH/dt = v Vref s i n  y = i7 Vref (11-34) 

(11-35) dX/dt = V Vref COS y = u V r e f  
- 

Two new v a r i a b l e s ,  E and W a r e   i n t r o d u c e d   w h i c h   a r e  
d e f i n e d   t o   b e   t h e   h o r i z o n t a l  and v e r t i c a l  components  of 
ve loc i ty   measu red   i n  a ground-based  axis  system. I n  p r a c t i c e ,  
t h e s e  two va r i ab le s   can   be   u sed   i n t e rchangeab ly   w i th  and y .  
They  obey t h e   f o l l o w i n g   a l g e b r a i c   a n d   t r i g o n o m e t r i c   e q u a t i o n s .  

(11-36) 

y = t a n  , (=/E) - 1  
(11-37) 

I t  i s  p o s s i b l e   t o   n o n d i m e n s i o n a l i z e   t h e   d i s t a n c e  H and X .  
By fo l lowing   t he   p rocedure  of t h e  l a s t  few s e c t i o n s ,   t h e   r e f e r -  
e n c e   c o n d i t i o n   w o u l d   b e   d i r e c t l y   r e l a t e d   t o   a l t i t u d e .  However, 
b e c a u s e   d e n s i t y   c o n t i n u a l l y   c h a n g e s   w i t h   a l t i t u d e ,   s u c h  a non- 
d i m e n s i o n a l i z a t i o n   h a s  l i t t l e  p r a c t i c a l   v a l u e .  

In te rna t iona l   S tandard   Atmosphere .  - The fo l lowing  
a l g e b r a i c   e q u a t i o n   g o v e r n s   d e n s i t y   v a r i a t i o n s   w i t h   a l t i t u d e   f o r  
t h e   I n t e r n a t i o n a l   S t a n d a r d   A t m o s p h e r e .  
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Weiqht  equations.- The total  gross-weight  of  the  tilt- 
rotor aircraft  decreases  as  fuel is consumed. The following 
differential  equation  quantifies  this  weight loss. 

dW/dt = -Wf 1.05  (1/3600)1b/sec.  (11-39) 

The equation  below  approximates  the  fuel  flow  rate  char- 
acteristics of the  Lycoming  LTC-4B-12  engines  (ref. 5). 

Wf = 375 - 0.01367 H + (0.495 - 2.11 x H + 1.283 x l E 9 H 2 )  

x nc SHPmax + (-0.156 + 1.13 x lo-' H + 2.96 x lo-'' H2) V 

(11-40) 

Performance  Constraints 

The overall  performance  of  the  tilt-rotor  aircraft  may  be 
constrained  by  many  additional  factors  besides  the  basic  air- 
craft  aerodynamic,  weight  and  power  characteristics.  Struc- 
tural  integrity,  stability and  control  requirements,  dynamic 
instabilities,  maximum  permissible  accelerations (as dictated 
by  passenger  comfort)  etc.,  may  influence  the  resulting  flight 
profile  of  the  aircraft. 

A detailed  investigation  of  any  one  of  these  design  con- 
siderations  could,  in  itself,  be  an  extensive  research  effort. 
For this  reason,  this  report  has  only  enforced  the  following 
restricted  set  of  performance  constraints. A more  detailed 
discussion is presented  in  ref. 6. 

Pitching  rate  limit. - The moment-producing  capability  of 
the tilt-rotor  aircraft,  together  with  the  vehicle's  rate 
damping  characteristics  govern  the  magnitude  of  the  pitching 
rate  limit. A simple  constant  limit  of 

d8/dt 5 0.25  rad/sec (11-40) 

has been assumed. 

Structural I I q "  limit. - The airloads  encountered  by  any 
"- aircraft in flight  are  proportional to dynamic  Pressure 

(q = (1/2) pV2) . In this  report,  an  upper  limit  on  dynamic 
pressure  is  assumed  for  the  purpose  of  preserving  the  struc- 
tural  integrity  of  the  aircraft. 

Thus, q = (1/2) P V 2  Iqmax = 3500 lb/ft2.  (11-41) 

This q constraint  places  a  maximum  velocity  limit  on  the 
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v e h i c l e  a t  a n y   g i v e n   a l t i t u d e .  As a l t i t u d e   i n c r e a s e s ,   t h e  
maximum s p e e d   c a p a b i l i t y   o f   t h e   a i r c r a f t   a l s o   i n c r e a s e s .  

A c c e l e r a t i o n  l i m i t s .  - A c c e l e r a t i o n   c o n s t r a i n t s   h a v e   b e e n  
used t o  res t r ic t  t h e   o p e r a t i n g   e n v e l o p e   o f   t h e   t i l t - r o t o r  a i r -  
c r a f t .   P a s s e n g e r   c o m f o r t   a n d   s t a l l - f l u t t e r   b o u n d a r i e s  may 
gove rn   t he   magn i tude   o f   t he  limits chosen.   For   convenience,  
t h e   c o n s t r a i n t s  are e x p r e s s e d   i n  a ground-based  axis   system, 
as: 

Idw/dtl 5 0 . 2 0 9  ( 1 1 - 4 2 )  

[ du /d t  I L 0.259  (11-43) 

where w = V s i n  y = t h e   v e r t i c a l   v e l o c i t y   o f   t h e   a i r c r a f t  

u = V cos  y = t h e   h o r i z o n t a l   v e l o c i t y   o f   t h e   a i r c r a f t .  

E q s .  ( 1 1 - 4 2 )  and  (11-43) do n o t   a l l o w   t h e   a i r c r a f t   t o  
accelerate o r  decelerate fas ter  t h a n  0 .209  i n   t h e   v e r t i c a l  
d i r e c t i o n ,   o r   0 . 2 5 9   i n   t h e   h o r i z o n t a l   d i r e c t i o n .  

Touchdown v e l o c i t y  l i m i t .  - The l a n d i n g   g e a r   d e s i g n   f o r  
t h e  Model 1 6 0  limits t h e  touchdown v e l o c i t y   t o  

w L - 0  f t / s e c .  ( 1 1 - 4 4 )  

T i l t i n g   r o t o r   a n g l e  limits. - The a n g l e   t h a t   t h e   e n g i n e  
n a c e l l e  makes w i t h   t h e  mean aerodynamic  chord  of  the  main  aero- 
dynamic   su r f ace   has   been   de f ined   t o   be  i p .  I t  i s  g e o m e t r i c a l l y  
c o n s t r a i n e d   t o   b e   w i t h i n   t h e   f o l l o w i n g  llmits. 

where ipmin = o  and ipmax = 105'. 

Power l i m i t a t i o n .  - A nond imens iona l   va r i ab le  q c  i s  used 
which is  d e f i n e d  (see page 2 1 )  as t h e   f r a c t i o n   o f  maximum a v a i l -  
able   horsepower.  By d e f i n i t i o n ,   t h e   u p p e r  bound  of q c  i s  1. 

A l o w e r   c o n s t r a i n t  bound i s  i n t r o d u c e d   t o   i n s u r e   t h a t  
enough  power i s  a v a i l a b l e   t o   c o n t r o l   t h e   a i r c r a f t   d u r i n g  
descen t .  I t  i s  assumed t h a t   t h i s   l o w e r  bound i s  e q u a l   t o  2 0  
p e r c e n t   o f   t h e   i n d u c e d   p o w e r   r e q u i r e d   i n   h o v e r i n g   f l i g h t .   I f  
t h i s   a d d i t i o n a l   c o n s t r a i n t  i s  e x p r e s s e d   i n  terms of  a percen-  
t a g e   o f   t h e  maximum a v a i l a b l e   h o r s e p o w e r ,   b o t h   c o n s t r a i n t s  may 
be   ma themat i ca l ly   exp res sed   i n   t he   fo l lowing   manner :  
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.2 ( Induced Power i n  Hover 
Maximum A v a i l a b l e  Power I L  'Ic ' * ' *  (11-46) 

Performance  Predict ion  Methodology 

I n   t h e   p r e c e d i n g   s e c t i o n s   o f   t h i s   r e p o r t ,  a s i m p l i f i e d  
mathemat ica l   model   has   been   deve loped   which   governs   the  per- 
formance  of a t i l t - r o t o r   a i r c r a f t .  The  model c o n s i s t s   o f  a 
se t  o f   a l g e b r a i c   a n d   d i f f e r e n t i a l   e q u a t i o n s   t h a t  may, o r  may 
n o t ,   b e   c o n s t r a i n e d   b y   a n   a u x i l i a r y  set  of   equa t ions .   The  
t a s k   o f   t h i s   s e c t i o n  i s  t o   s o l v e   t h i s   s y s t e m  or a s l i g h t l y  
mod i f i ed   sys t em,   o f   equa t ions .  The o b j e c t i v e  i s  t o   a r r i v e  a t  
a d e s c r i p t i o n   o f   t i l t - r o t o r   p e r f o r m a n c e   c a p a b i l i t y .  

F inding  a rea l i s t ic  s o l u t i o n   t o   t h e   c o m p l e t e  set  of  
dynamic  performance  equat ions may be  a fo rmidab le   t a sk .  T i m e  
h i s t o r i e s   o f  t h e  p h y s i c a l   c o n t r o l   v a r i a b l e s   w h i c h  meet t h e  
chosen   i n i t i a l   and   t e rmina l   boundary   cond i t ions   o f   t he   p rob lem 
are r e q u i r e d .   T h e   d e t e r m i n a t i o n   o f   t h e s e   c o n t r o l  t i m e  h i s t o r i e s  
may b e   d i f f i c u l t .   F u r t h e r m o r e ,  a d i g i t a l   i n t e g r a t i o n   r o u t i n e  i s  
needed t o   f i n d  a s o l u t i o n   t o  t h e  s y s t e m   o f   d i f f e r e n t i a l   e q u a -  
t i o n s  which r e s u l t .  

I n  t h i s   r e p o r t ,  an  approximate  method of e v a l u a t i n g  a i r -  
c r a f t  performance i s  i n v e s t i g a t e d   t o   h i g h l i g h t   t h e   i m p o r t a n t  
p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f   t h e   a i r c r a f t .   T h e s e   c h a r a c t e r -  
i s t ics  are t h e n   u s e d   t o   d e v e l o p   t h e   s o - c a l l e d   k i n e m a t i c   m o d e l  
o f   t h e   b a s i c   t i l t - r o t o r   a i r c r a f t .   T h i s  model i s  based on t h e  
s t e a d y - s t a t e   s o l u t i o n s   o f   t h e   e q u a t i o n s   o f   m o t i o n .   T h u s ,  it 
rep resen t s   t ime- independen t   r e l a t ionsh ips   be tween   t he   ho r i zon ta l  
and t h e  v e r t i c a l   ( r a t e   o f  c l imb,  o r   descen t )   componen t s   o f   t he  
t o t a l   f l i g h t   v e l o c i t y   v e c t o r   a t  a g i v e n   a l t i t u d e ,  power s e t t i n g  
and a i r c r a f t   c o n f i g u r a t i o n .   B e c a u s e   a c c e l e r a t i o n s   a r e   o n l y   c o n -  
s i d e r e d   t o   b e   m a t h e m a t i c a l   c o n s t r a i n t s   w h i c h   d o   n o t   d i r e c t l y  
a f f e c t   v e h i c l e   p e r f o r m a n c e ,  it i s  r e l a t i v e l y   e a s y   t o   p h y s i c a l l y  
i n t e r p r e t   t h e   r e s u l t s .   F u r t h e r m o r e ,   i f   t h e   a i r c r a f t   a c c e l e r a -  
t i o n s   a r e  smal l ,  th i s   k inemat ic   per formance   model  i s  a good 
r e p r e s e n t a t i o n   o f   t i l t - r o t o r   p e r f o r m a n c e .  I n  most   cases   of  
i n t e r e s t ,   t h e   s i m p l i f i e d  model i s  s u f f i c i e n t l y   a c c u r a t e   t o  
estimate t i l t - r o t o r   p e r f o r m a n c e .  

Genera l ized   k inemat ic   per formance .  - The s i m p l e s t   d e s c r i p -  
t i o n  of t i l t - r o t o r   p e r f o r m a n c e  i s  governed  by a kinematic  mathe- 
mat ica l   model .   The   s teady-s ta te   per formance   equat ions  are t h e  
"core"   of   the   mathematical   k inematic   model .  The f o r c e   b a l a n c e  
e q u a t i o n s ,  l ift c o e f f i c i e n t   e q u a t i o n ,   a n d  momentum equa t ion  
m u s t   b e   s a t i s f i e d  a t  e a c h   p o i n t   a l o n g   t h e   t r a j e c t o r y  (App. B). 

For   pu rposes   o f   d i scuss ion ,  it i s  c o n v e n i e n t   t o   r e p r e s e n t  
t h e s e   f o u r   e q u a t i o n s   i n   e i g h t  unknowns i n  a f u n c t i o n a l   n o t a t i o n .  
They are ,  r e s p e c t i v e l y ,  a d r a g   e q u a t i o n ,  a l i f t   e q u a t i o n ,   a n  
e q u a t i o n   r e l a t i n g  CL, t o   t h e   a n g l e   o f   a t t a c k ,   a n d   t h e  momentum 
equa t ion .  
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T h i s   s y s t e m   o f   f o u r   e q u a t i o n s   i n   e i g h t  unknowns has  a deg ree  
of   indeterminancy  of   four ,   which i s  e l i m i n a t e d  by s p e c i f y i n g  
t h e   f l i g h t   c o n d i t i o n   w i t h  e ,  Ti, i7 and 6 f .  The  independent 
v a r i a b l e s  are A T ,  a p ,  v ,  and CL. The r i g h t - h a n d   v a r i a b l e s ,  P ,  
R ,  S and Q are dummles. I n  s t a t i c  f o r c e   b a l a n c e   e q u i l i b r i u m ,  
P ,  R ,  S and Q are i d e n t i c a l l y   e q u a l   t o   z e r o .   U n f o r t u n a t e l y ,  a 
s i m p l e   e x p l i c i t   s o l u t i o n   t o   t h i s  se t  o f   n o n l i n e a r   a l g e b r a i c  
e q u a t i o n s   d o e s   n o t   e x i s t .  However,  by u s i n g  a Newton-Raphson 
i t e r a t i o n   p r o c e d u r e   t o   i m p r o v e   t h e   s o l u t i o n   g u e s s  s o  t h a t  
P = R = S = Q approach   zero ,  a s o l u t i o n  i s  approached. 

- 

The a b i l i t y   o f   t h e   t i l t - r o t o r   a i r c r a f t   t o   s u s t a i n   e q u i l i b r i u m  
f l i g h t  i s  a l s o   g o v e r n e d  by t h e  power balance  equat ion  which i s  
r e p r e s e n t e d   i n   f u n c t i o n a l   n o t a t i o n   b e l o w .  

Power Ba lance   f ,  ( E ,  i ,  A T  , ap ,  , , v ,  , , n C ,  H) = Y = 0.  
- 

(11-51) 

The f i v e   a l g e b r a i c   e q u a t i o n s   w h i c h  are  f u n c t i o n a l l y  
r e l a t e d   t o   t e n  unknowns govern   the   po in t   per formance  of t h e  
t i l t - r o t o r   a i r c r a f t .   F o u r  o f   t he  t e n  unknowns may be   spec i -  
f i e d  and   can   be   t hough t   o f   a s   ' ' con t ro l   va r i ab le s . "  

There i s  a c e r t a i n   a r b i t r a r i n e s s  i n  t h e   s e l e c t i o n  of con- 
t r o l   v a r i a b l e s .  I t  i s  des i r ab le   t o   have   t he   chosen   ma themat -  
i c a l  con t ro l s   o f   t h i s   p rob lem  fo rmula t ion   co r re spond   a s   c lo se ly  
as p o s s i b l e   t o   t h e   c o n t r o l l i n g   i n p u t s   o f   t h e   a c t u a l   v e h i c l e .  
I f   t h i s   c r i t e r i o n  i s  m e t ,  i t  i s  u s u a l l y   e a s i e r   t o   d e c i d e  how 
t o  choose a r e a s o n a b l e  s e t  o f   f l i g h t   c o n t r o l s .  The a t t i t u d e  
a n g l e  ( e ) ,  t h e   f l a p   d e f l e c t i o n   a n g l e  ( 6 f ) ,  t h e   r o t o r  tilt t h a t  
may b e   c a l l e d   t h e   c o n f i g u r a t i o n   a n g l e   ( a c o n f i g )  , and t h e   f r a c -  
t i o n   o f  maximum power a v a i l a b l e   a r e   a l l   d i r e c t l y   r e l a t e d   t o  
p h y s i c a l   a i r c r a f t   c o n t r o l l i n g   i m p u t s .  However,  choosing t i m e  
h i s t o r i e s   o f  a c o n f i g u r a t i o n  i s  a d i f f i c u l t   t a s k   i f   t h e   v e l o -  
c i t y   p r o f i l e  i s  n o t   s p e c i f i e d  d p r i o r i   ( w h i c h  it c a n ' t   b e ) .  
T h e r e f o r e ,   t h e   h o r i z o n t a l   v e l o c i t y   o f   t h e   a i r c r a f t  i s  assumed 
t o   b e  a c o n t r o l   v a r i a b l e   r e p l a c i n g   t h e   c o n f i g u r a t i o n   a n g l e  time 
h i s t o r y .  The c o n t r o l   v a r i a b l e s   o f   t h e   k i n e m a t i c  model  of t h e  
t i l t - r o t o r   a i r c r a f t   t h e n  become E, q c ,  e ,  and 6 f .  
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T h e   r e f e r e n c e   v e l o c i t y  (V,) and  power ( P r )  , which 
have  been  used t o  n o n d i m e n s i o n a l i z e   t h e   r e s p e c t i v e  s t a t i c  pe r -  
formance  and  power  equations,  are a f u n c t i o n   o f   t h e   d e n s i t y  of 
a i r  a n d   t h e   i n s t a n t a n e o u s   g r o s s   w e i g h t   o f   t h e   a i r c r a f t .  

T h e r e f o r e ,   t o   f i n d   t h e   t r u e   a i r s p e e d   o r  power a t  a g iven  a l t i -  
tude   and   weight ,  it i s  necessa ry  t o  m u l t i p l y   t h e   d i m e n s i o n l e s s  
q u a n t i t y  by the   co r re spond ing   d imens iona l   pa rame te r   r e f e renced  
t o  t h a t   a l t i t u d e  and  weight.  

The d e n s i t y   v a r i a t i o n   w i t h   a l t i t u d e  may be f u n c t i o n a l l y  
r e p r e s e n t e d  by t h e   f o l l o w i n g :  p = p (H). 

A s  t h e   t i l t - r o t o r   p e r f o r m s  i t s  m i s s i o n ,   f u e l  i s  burned 
w h i c h   r e d u c e s   t h e   i n s t a n t a n e o u s   g r o s s   w e i g h t   o f   t h e   a i r c r a f t .  
The d i f f e r e n t i a l   e q u a t i o n   g o v e r n i n g   t h i s   w e i g h t   d e c r e a s e   w h i c h  
re la tes  t h e   f u e l   f l o w   t o   t h e   a l t i t u d e ,   f o r w a r d   v e l o c i t y ,   a n d  
a p p l i e d  power of t h e   a i r c r a f t  may b e   f u n c t i o n a l l y   r e p r e s e n t e d  
by 

dW/dt = W(h,  nc, u ,  w). - 

The t r a j e c t o r y   t h a t   t h e   t i l t - r o t o r   p e r f o r m a n c e  model traces 
o u t   i n   s p a c e  i s  governed   by   the   fo l lowing   k inemat ic   equa t ions  

dH/dt = i? Vr (11-52) 

(11-53) dX/dt = u V, . - 

T h e s e   d i f f e r e n t i a l   e q u a t i o n s   o r   i d e n t i t i e s  r e l a t e  t h e  t r a j ec -  
t o r y   t o   t h e   s t e a d y - s t a t e   p e r f o r m a n c e   o f   t h e   a i r c r a f t .  

The kinematic  performance  problem  can now b e   s t a t e d   i n  
mathematical  terms. T h e r e  a r e   n i n e   i n d e p e n d e n t   e q u a t i o n s  (6 
a lgebra i c   and  3 d i f f e r e n t i a l )   i n  1 4  unknowns (E, w ,  A T ,  aP, C L ~ ,  
v ,  e ,  6 f ,  q c ,  €3, X ,  p , W ,  t)  which  must   be  solved  s imultan-  
eous ly .  T i m e  ( t )  is  t h e   i n d e p e n d e n t   p a r a m e t e r   o f   t h i s   a l g e b r a i c  
and d i f f e r e n t i a l   s y s t e m  of equat ions .   Four   o f   the  unknowns are 
c a l l e d   " c o n t r o l   v a r i a b l e s '   ( E r n C ,  0 ,  6 f  and a r e  assumed t o   b e  
known as a f u n c t i o n   o f  t i m e .  The  remaining 9 unknown time 
h i s to r i e s   mus t   be   de t e rmined  by s o l v i n g   t h e  9 governing  equa- 
t ions .   Appendix  B p r e s e n t s   t h e   d e t a i l s   o f   t h e   c h o s e n   s o l u t i o n  
t echn ique .  

- 
- 

P o i n t   p e r f o r m a n c e - c h a r a c t e r i s t i c s  ."" w i t h   s p e c i f i e d   " i n n e r "  
c o n t r o l s . .  - The f o u r   i n d e p e n d e n t   c o n t r o l s ,  Ti(t), q , ( t )  I 8 (t)  
and 6 f ( t )  g o v e r n   t h e   t r a j e c t o r y   o f   t h e   t i l t - r o t o r   a i r c r a f t .  At 
least  one ,   and   poss ib ly   two ,   o f   t hese   con t ro l s  are normally 
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programmed t o  be a f u n c t i o n   o f  some geomet r i c  or performance 
parameter  of t h e   a i r c r a f t .  I f  t w o  o f   t h e   f o u r   i n d e p e n d e n t  
c o n t r o l s  are assumed t o   b e  a f u n c t i o n   o f   t h e   t i l t - r o t o r   p e r -  
formance s ta te ,  s i g n i f i c a n t   s a v i n g s   i n   m o d e l   c o m p l . e x i t y  are 
ach ieved .   Because   on ly   two   i ndependen t   con t ro l   va r i ab le s  
remain,  a s i m p l e   t w o - d i m e n s i o n a l   p l o t   c a n   b e   u s e d   t o   d e s c r i b e  
the   pe r fo rmance  s t a t e  o f   t h e  a i r c r a f t .  

I n   t h i s   r e p o r t ,  t h e  i n n e r   l o o p   c o n t r o l s ,  8 and 6 f ,  are 
chosen t o   b e   f u n c t i o n a l l y   d e p e n d e n t  upon t h e   h o r i z o n t a l   v e l o -  
c i t y   o f   t h e  a i r c r a f t .  The func t iona l   dependence  i s  c h o s e n   t o  
minimize t h e  l e v e l   s t e a d y - s t a t e  power r e q u i r e d   a t   e a c h   h o r i -  
z o n t a l   v e l o c i t y   a n d   t o  r e a l i z e  a p h y s i c a l   m e a n i n g f u l   t r a n s i -  
t i on   s chedu le .   On ly  two  of t h e  i n n e r   l o o p   c o n t r o l s  may be 
a r b i t r a r i l y   s p e c i f i e d .  The c o n f i g u r a t i o n   m u s t   c h a n g e   t o   a l l o w  
t h e   i n n e r   i t e r a t i o n   l o o p   t o   a r r i v e   a t  a n   e q u i l i b r i u m   p o i n t .  
T h e s e   i n n e r   l o o p   c o n t r o l   v a r i a b l e s  are c h o s e n   i n   t h e   f o l l o w i n g  
manner: 

F l a p   C o n t r o l  (6f (t)) 

The f l a p   s h o u l d   b e   r e t r a c t e d  as f o r w a r d   v e l o c i t y  i s  
a t t a i n e d   t o   m i n i m i z e  t h e  s t e a d y   l e v e l   f l i g h t  power r e q u i r e d   o f  
t h e   t i l t - r o t o r   a i r c r a f t   ( F i g u r e  1 1 - 1 2 ) .  I t  i s  a l s o   d e s i r a b l e  
t o   u s e  some f l a p   d e f l e c t i o n   t o   a l l o w   c o n v e r s i o n   t o   b e g i n   a t  
l o w e r   h o r i z o n t a l   v e l o c i t i e s .   T h i s   l a t t e r   c o n s i d e r a t i o n  i s  
d i f f i c u l t   t o  implement  and i s  n o t   c o n s i d e r e d   i n   t h i s   s t u d y .  
The f o l l o w i n g   f u n c t i o n   r e l a t i o n s h i p   f o r   f l a p   d e f l e c t i o n   a n g l e  
i s  assumed. 

6 f  = 1 ~ / 4 [ 1 . 0  + c o s  ( E / 3 . 0 ) ~ ]  i f  0 i i  < 3.0  (11-54) 

6 f  = 0 i f  3 .0  5 ii. 
2 

c 

Q-I 
W 

\ 

0 1 2 3 5 10 

Figure  1 1 - 1 2  
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At t i tude   Ang le  ( e  ( t )  ) 

The a t t i t u d e   o f  t h e  a i r c r a f t  i s  chosen by s p e c i f y i n g  a wing 
l i f t - t o - w e i g h t  (L/W) t r a n s i t i o n   s c h e d u l e   w h i c h  i s  assumed t o  
be a f u n c t i o n   o f  t h e  t i l t - r o t o r   h o r i z o n t a l   v e l o c i t y .  A t  low 
h o r i z o n t a l   v e l o c i t i e s  (ii 5 3.0), t h e   a t t i t u d e  of t h e  a i r c r a f t  
i s  i n e f f e c t i v e  a t  m a i n t a i n i n g  a p r e s c r i b e d   l i f t - t o - w e i g h t  
r a t i o .   T h e r e f o r e ,  a f u s e l a g e   a t t i t u d e   o f   z e r o  i s  assumed i n  
t h i s  regime. 

F o r   v e l o c i t i e s   g r e a t e r   t h a n  3 .0 ,  t h e   a t t i t u d e   a n g l e  ( 0 )  
i s  determined  by  solving  eqs .   (11-7)   and (11 -9 )  f o r  a pre-  
s c r i b e d   l i f t - t o - w e i g h t   r a t i o .  The r e s u l t i n g   e x p r e s s i o n  i s  
approximate ly   g iven  by 

where Ti C V for U > 3 . 0 .  
2 -2 

Because av i s  s m a l l ,  a V  = ( 2 7  sin(crp) )/E. 

The  a t t i t u d e   a n g l e  of t h e   t i l t - r o t o r  a i r c r a f t  can be found 
by s o l v i n g   e q .  (11-55) when t h e  fo l lowing  L/W conversion  sched-  
u l e  i s  p r e s e n t e d   ( F i g u r e  1 1 - 1 3 ) .  

2 . 0  

\ 
3 

c3 
2 
H 
8 

GI 1 . 0  

0.0 
0 1 2 3 4 5 -  7 

U 
Figure  11-13 
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Horiz.   Speed Wina L/W 

0 ii < 3.0  Unspec i f ied  O 0  
3.0 5 < 7 .0  1 / 2 ( ~ 0 ~ [ 7 r ( i i  - 3.0)/4.0 + IT] + 1 . 0 )  Unspec i f ied  
7 .0  5 Ti 1 . 0  Unspec i f i ed  

An a l t e r n a t e   " i n n e r   l o o p   c o n t r o l "   w h i c h  may b e   s p e c i f i e d  
i s  t h e   c o n f i g u r a t i o n  time h i s t o r y  ( ip ( t ) ) .  However, t h e  gov- 
e r n i n g   e q u a t i o n s   m u s t   b e   r e a r r a n g e d   t o   c o n t a i n  ip a s  one  of 
the f o u r   i n d e p e n d e n t   c o n t r o l   p a r a m e t e r s .   I f   t h i s   c o n t r o l  i s  
programmed as a f u n c t i o n   o f   h o r i z o n t a l   v e l o c i t y ,  t h e  a t t i t u d e  
o f   t h e   a i r c r a f t  may be l e f t   f r e e   t o   s a t i s f y   t h e   a l g e b r a i c   p e r -  
f o r m a n c e   e q u a t i o n s .   T h i s   a l t e r n a t e   f o r m u l a t i o n   o f   t h e   i n n e r  
l o o p   c o n t r o l s  allows o t h e r   t y p e s   o f  VTOL a i r c r a f t   t o  be r e p r e -  
s e n t e d  by t h e  same mathematical   performance  model .   For  
example, i f  ip = 0 f o r  a l l  ii, a low d i sc  l o a d i n g   t i l t - w i n g  
a i r c r a f t  i s  ma themat i ca l ly   desc r ibed  by the  governing  perform- 
ance   equa t ions .  The  added t a s k  of t r e a t i n g   c o n f i g u r a t i o n s  
o t h e r   t h a n   t h e   t i l t - r o t o r   h a s   n o t   b e e n   u n d e r t a k e n   i n   t h i s  
r e p o r t .  

The  two  independent   controls  ( i i  and q C )  which  have  not 
b e e n   f u n c t i o n a l l y   s p e c i f i e d   g o v e r n   t h e   k i n e m a t i c   p e r f o r m a n c e  
of t h e   t i l t - r o t o r   a i r c r a f t .  A g r a p h i c a l  map o f   v e h i c l e   p o i n t  
performance may b e   o b t a i n e d  by s o l v i n g  t h e  f i v e   e q u a t i o n s   i n  
f i v e  unknowns f o r   p a r t i c u l a r   v a l u e s  of a p p l i e d  power  and h o r i -  
z o n t a l   v e l o c i t y .  The  power c o n t r o l ,  n C ,  g o v e r n s   t h e   r a t e   o f  
c l i m b   o r   s i n k   o f   t h e   a i r c r a f t  a t  a chosen   va lue   o f   ho r i zon ta l  
v e l o c i t y  ( E ) .  q C  h a s   b e e n   d e f i n e d   t o   b e   t h e   f r a c t i o n   o f   m a x i -  
mum power  which i s  a v a i l a b l e .  

The maximum performance  c l imbing charac te r i s t ics  of t h e  
mathematical   model  of t h e  t i l t - r o t o r   a i r c r a f t  are i l l u s t r a t e d  
i n   F i g u r e  1 1 - 1 4 .  The three  cu rves  which  r e s u l t  are ob ta ined  
by app ly ing  maximum power a v a i l a b l e  ( q c  = 1 . 0 )  a t  0 ,  5 0 0 0 ,  and 
1 0  0 0 0 - f o o t   a l t i t u d e s   a n d   c a l c u l a t i n g   t h e   r e s u l t i n g   c l i m b   p e r -  
f o r m a n c e .   A l t i t u d e s   o f   g r e a t e r   t h a n  1 0  0 0 0  f e e t  are not  con- 
s i d e r e d   i n   t h e   a n a l y s i s .  The r e s u l t s  are nondimensional ized 
by t h e   i d e a l   i n d u c e d   v e l o c i t y  a t  t h e   a l t i t u d e   c o n s i d e r e d .  

Near  hover a t   s e a   l e v e l  ( 0  L ii < 3.0), t he   c l imb ing  tilt- 
ro to r   pe r fo rmance  i s  n o t   v e r y   s e n s i t i v e   t o   h o r i z o n t a l   v e l o c i t y  
v a r i a t i o n s .  The maximum rate  of   c l imb i s  a c h i e v e d   a t  a h o r i -  
z o n t a l   v e l o c i t y   o f  1 . 0 .  The s u r p r i s i n g l y  good v e r t i c a l   f l i g h t  
performance  near   hover  arises b e c a u s e   i n   n e a r - v e r t i c a l   a s c e n t ,  
t h e  mass f l o w   t h r o u g h   t h e   r o t o r   i n c r e a s e s ,   t h u s   r e d u c i n g   t h e  
e f f e c t i v e  p o w e r   r e q u i r e d .   T h i s   b e n e f i c i a l   e f f e c t   d e c r e a s e s  
w i t h   i n c r e a s i n g   a l t i t u d e .  A t  1 0  0 0 0  f e e t   i n   t h i s  same speed 
r a n g e ,   s i g n i f i c a n t   i n c r e a s e s   i n  r a t e  of  cl imb  performance  can 
be r e a l i z e d   b y   m a i n t a i n i n g  some h o r i z o n t a l   v e l o c i t y .  
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u = Horizonta l   Veloc i ty /Vr  

F i g u r e  1 1 - 1 4  

A t  a n o n d i m e n s i o n a l   h o r i z o n t a l   v e l o c i t y   o f   t h r e e ,  a d i s -  
c o n t i n u i t y   a p p e a r s   i n   t h e  maximum performance  curves.   Because 
t h e   a t t i t u d e   o f   t h e   t i l t - r o t o r   a i r c r a f t   h a s   b e e n   a r b i t r a r i l y  
s e t  t o   z e r o   u n t i l  a h o r i z o n t a l   v e l o c i t y   o f   t h r e e  i s  a t t a i n e d ,  
a considerable  download  on  the  wing i s  developed.  A t  a ve lo-  
c i t y  of t h r e e ,  a l i f t - t o - w e i g h t   r a t i o   o f   z e r o  i s  s p e c i f i e d  
( F i g u r e  1 1 - 1 3 ) .  T h i s   d i s c o n t i n u i t y   i n  wing  download  causes 
t h e   a b r u p t   c h a n g e   i n   t h e   c l i m b i n g   p e r f o r m a n c e   c h a r a c t e r i s t i c s  
which are cont inuous .  

The a t t i t u d e   c o n t r o l ,  e ,  which   resu l t s   f rom  suddenly  
s p e c i f y i n g   t h e   l i f t - t o - w e i g h t   r a t i o ,  i s  a l s o   d i s c o n t i n u o u s .  
However, a p i t c h i n g  r a t e  l i m i t  of 0 . 2 5  r ad / sec  i s  e n f o r c e d ,  
t hus   p roh ib i t i ng   d i scon t inuous   c l imb   pe r fo rmance .   Because  
t i m e  i s  no t   one   o f   t he   pa rame te r s  of F i g u r e  1 1 - 1 4 ,  t h e  effect  
of a p i t c h i n g  r a t e  c o n s t r a i n t  on ra te  of climb performance 
c a n n o t   b e   i l l u s t r a t e d .  

The b e s t  climb p e r f o r m a n c e   o f   t h e   v e h i c l e   o c c u r s   i n   t h e  
a i r c r a f t  mode of f l i g h t .  The  nondimensional   horizontal   velo-  
c i t y  where   the  best rate of  cl imb i s  a t t a i n e d  i s  f a i r l y   i n s e n -  
s i t i v e   t o   a l t i t u d e   v a r i a t i o n s .  However, t h e   a c t u a l   h o r i z o n t a l  
v e l o c i t y   ( f t / s e c )   i n c r e a s e s  as a l t i t u d e   i n c r e a s e s .  
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The attitude  of  the  aircraft was originally  programmed  in 
level  steady-state  flight  to  minimize  the  power  required and 
to  specify a transition  schedule. It is not surprising  that 
the  programmed  angle  does not optimize  performance  during  high 
rates  of  climb. To more  fully  optimize  the  tilt-rotor's 
climbing  performance,  the  two  inner  controls (8 and 6f) should 
be  chosen  by  the  optimization  procedure. A solution  to  this 
four-control  optimum  performance  problem  has not been  attempted 
in  this  report. 

A  dynamic  pressure  limit  (qmax)  must  be  enforced  to  retain 
the  structural  integrity  of  the  aircraft. This dynamic  pres- 
sure  limit (eq. 11-56] is expressed  in  nondimensional  notation 
by  the  following  expression: 

For a chosen  disc  loading  (W/A- T/A) , this  dynamic  pres- 
sure  constraint  becomes  a  high-speed  nondimensional  velocity 
constraint. The assumed  constraint,  which is illustrated  in 
Figure  11-14,  permits  maximum  speeds  at 10 000 feet of  about 
350 knots. 

The descent  characteristics of the  mathematical  tilt- 
rotor  model  are  illustrated  in  Figure  11-15.  Lines  of  constant 
nondimensional  applied  power,  which  must  be  equal  to  the  re- 
quired  power  in  descent,  has  been  nondimensionalized  by  the 
tilt-rotor  hovering  power  required. The resulting  curves  are 
independent  of  the  engine  characteristics  and  are  valid  for  any 
altitude. 

Previously,  a  lower  limit on the  applied  power  control was 
introduced to satisfy  controllability  requirements. It was 
assumed that 20 percent of  the  hovering  power  required  is 
necessary  to  maintain  control  in  descending  flight.  Therefore, 
the 0.2 nondimensional  applied  power  curve  of  Figure  11-15 
becomes  the  maximum  permissible  rate  of  sink  boundary  of  the 
tilt-rotor  aircraft.  Fully  autorotative  flight  is  not  con- 
sidered  in  this  analysis. 

There  are  three  regimes  where  a  rather  high  rate  of  sink 
can  be  maintained  in  this  partial  power  condition. The first 
is an  almost  pure  vertical  descent  where  momentum  theory  indi- 
cates  that  high  sink  rates  are  possible.  Unfortunately, 
finding  a  solution  to  the  algebraic  performance  equations  in 
partial  power  descent  may  be  numerically  difficult. At high 
rates  of  descent,  the  momentum  equation  may  have  more  than  one 
mathematical  solution. The Newton-Raphson  iteration  procedure 
has  difficulty  locating  any  one  particular  solution.  A  dis- 
cussion  of  these  numerical  interation  difficulties is presented 
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i n  Appendix C. The   locus   o f   po in ts   where  it i s  d i f f i c u l t  and 
u s u a l l y   i m p o s s i b l e   t o   f i n d   s o l u t i o n s   t o   t h e  momentum e q u a t i o n  
by i terat ive t e c h n i q u e s  i s  l a b e l e d  a ' ' region of no  conver- 
gence."   The  region i s  i l l u s t r a t e d  on a p lo t   o f   nond imens iona l  
ra te  of s i n k  versus  h o r i z o n t a l   v e l o c i t y   i n   F i g u r e  11-15  and i n  
more d e t a i l  i n   F i g u r e  C-4 (Appendix C ) .  Notice t h a t   t h e  
assumed 20 p e r c e n t   f r a c t i o n   o f   h o v e r i n g   i n d u c e d  power  con- 
s t r a i n t   i n t e r s e c t s   t h e   ' ' r e g i o n  of no  convergence.   Therefore ,  
t h e   k i n e m a t i c   m a t h e m a t i c a l   m o d e l   o f   t i l t - r o t o r   p e r f o r m a n c e  
mus t   be   more   s t r i ngen t ly   cons t r a ined  a t  small  h o r i z o n t a l   v e l o -  
c i t ies .  

In   Re fe rences  7 and 8 ,  e x p e r i m e n t a l   d a t a  i s  g i v e n   i n d i -  
c a t i n g   t h e   v a l i d i t y   o f   u s i n g  momentum t h e o r y   t o   d e s c r i b e   h i g h  
s i n k  r a t e  c o n d i t i o n s  a t  z e r o   f o r w a r d   v e l o c i t i e s .  I t  i s  shown 
t h a t   a l t h o u g h  t h e  r o t o r  i s  t e c h n i c a l l y   o p e r a t i n g   i n  t h e  v o r t e x  
r i n g  s t a t e ,  as soon as d e s c e n t   b e g i n s ,   t h e  momentum t h e o r y  
d e s c r i b e s   t h e   a c t u a l   d e s c e n t   p e r f o r m a n c e   q u i t e  w e l l  u n t i l  non- 
d i m e n s i o n a l   s i n k i n g   v e l o c i t i e s   o f  1 . 4  a r e   a t t a i n e d .  A t  t h i s  
p o i n t ,  the v o r t e x   r i n g  s ta te  i s  p h y s i c a l l y   a p p a r e n t   a n d   t h e  
s imple   t heo ry   no   l onge r   ho lds .  

By now it i s  a p p a r e n t   t h a t   t h e   2 0 - p e r c e n t   f r a c t i o n  of 
hove r ing   i nduced   power   cons t r a in t   pas ses   i n to   bo th   t he  'Inon- 
convergence  region"  and a r e g i o n  where s imple  momentum theory  
d o e s   n o t   a c c u r a t e l y   d e s c r i b e   r o t o r   p e r f o r m a n c e .  To avoid 
these d i f f i c u l t i e s ,  a " s o l u t i o n   c o n s t r a i n t   b o u n d a r y , "   w h i c h  
i s  shown i n   F i g u r e   1 1 - 1 5   a n d   i n   F i g u r e  C-4 of Appendix C ,  i s  
assumed.  The t i l t - r o t o r  a i r c r a f t  i s  c o n s t r a i n e d   t o   f l y   i n  
s t e a d y - s t a t e   e q u i l i b r i u m   f l i g h t  a t  ra te  of s i n k   v e l o c i t i e s  
which are above t h i s  assumed c o n s t r a i n t   f u n c t i o n .  

The second regime where  high ra tes  o f   s t e a d y - s t a t e   s i n k i n g  
velocities can be ma in ta ined   occu r s  a t  nondimens iona l   hor i -  
z o n t a l   v e l o c i t i e s  of a b o u t   5 . 5 .   T h e   t i l t - r o t o r   a i r c r a f t  i s  
still f l y i n g   i n   t h e   h e l i c o p t e r  mode b u t  i s  a b o u t   t o   c o n v e r t   t o  
t h e   a i r p l a n e   c o n f i g u r a t i o n .   B e c a u s e   t h e   r o t o r   p y l o n s  create a 
l o t  o f   d r a g   i n   t h e   h e l i c o p t e r   c o n f i g u r a t i o n ,   t h e y  ac t  as a 
' s p e e d   b r a k e '   c a u s i n g   h i g h   s i n k i n g   v e l o c i t i e s  a t  p a r t i a l  power. 
Unfo r tuna te ly ,  a t  v e r y  small power s e t t i n g s  a n d   h o r i z o n t a l  
v e l o c i t i e s  of abou t  6 . 0 ,  t h e   d r a g   e q u a t i o n   ( e q .  1 1 - 2 7 )  cannot  
b e   s a t i s f i e d .  The a c c e l e r a t i n g   f o r c e   o f   g r a v i t y   c a u s e d   b y  
s t e e p   d e s c e n t   a n g l e s  becomes l a r g e r   t h a n  t h e  t o t a l   d r a g  of t h e  
a i r c r a f t .  The l o c u s   o f   p o i n t s   w h e r e   e q u i l i b r i u m   f l i g h t   c a n n o t  
be main ta ined  i s  a l s o   l a b e l e d  a " r eg ion  of no  convergence" as 
shown i n   F i g u r e   1 1 - 1 5 ,   N o t i c e   t h a t  t h e  assumed p a r t i a l  power 
c o n s t r a i n t   b o u n d a r y   i n t e r s e c t s   t h i s   r e g i o n   o f   n o   c o n v e r g e n c e .  
T h e r e f o r e ,  a s e c o n d   s o l u t i o n   c o n s t r a i n t  i s  assumed  which i s  
a l s o   i l l u s t r a t e d   i n   t h i s  same f i g u r e .   D e s c e n d i n g   f l i g h t  a t  
s i n k  rates which are a b o v e   t h e   s o l u t i o n   c o n s t r a i n t   b o u n d a r y  
are cons ide red  as p o s s i b l e   o p e r a t i n g  states o f   t h e   t i l t - r o t o r  
a i r c r a f t  . 
3 4  



H i g h   s i n k i n g   v e l o c i t i e s   c a n   a l s o  be main ta ined  a t  h i g h  
f o r w a r d   s p e e d s   u n d e r   p a r t i a l   p o w e r   i n   t h e   a i r p l a n e  mode of 
f l i g h t .  The basic drag o f   t h e  t i l t - r o t o r  a i r c ra f t  is s u f f i -  
c i e n t  t o  s u p p o r t   s t e a d y   e q u i l i b r i u m   f l i g h t .  However, t h e  non- 
d i m e n s i o n a l i z e d   v e l o c i t y   c o n s t r a i n t  (eq. 11-56] restricts t h e  
high-speed  descent   performance as shown i n   F i g u r e  11-15. 

111. THEORETICAL TILT-ROTOR ACOUSTIC MODEL 

T h e   a c o u s t i c a l   p r o p e r t i e s   o f  a t i l t - r o t o r   a i r c r a f t  are 
m a t h e m a t i c a l l y   m o d e l e d   i n   t h i s   s e c t i o n   o f   t h e   r e p o r t .  The 
basic  mechanisms  which  produce  noise are r e v i e w e d ,   l e a d i n g   t o  
the  development   of  a s i m p l i f i e d   f a r - f i e l d   a c o u s t i c   m o d e l .  
A t t e n u a t i o n   a n d   p r o p a g a t i o n   c h a r a c t e r i s t i c s  are a l s o  con- 
sidered. The   acous t i ca l   spec t rum of sound  genera ted   by   the  
t i l t - r o t o r  i s  t h e n   c a l c u l a t e d   a t   s p e c i f i e d   g r o u n d   l o c a t i o n s .  
F i n a l l y ,  some o f   t h e  more a p p l i c a b l e   s u b j e c t i v e   e v a l u a t i o n  
c r i t e r i a  of  t h e  annoyance  of  the  sound a t  t h e s e   l o c a t i o n s  are 
p r e s e n t e d .  

T i l t -Ro to r   No i se   Gene ra t ion  

The n o i s e   g e n e r a t e d  by an  open airscrew VTOL a i r c r a f t  i s  
t y p i c a l l y  c lass i f ied by i t s  generation  mechanism.  For a VTOL 
a i r c r a f t ,   d r i v e n  by   tu rboshaf t   engines ,   sound  which  i s  gene- 
ra ted by   ae rodynamic   fo rces   o f t en   domina te s   i n   t he  f a r  a c o u s t i c  
f i e ld .   Th i s   ae rodynamic   sound   i nc ludes   va r ious   t ypes   o f   no i se  
which are commonly c l a s s i f i e d   a s   r o t a t i o n a l   n o i s e ,   v o r t e x   n o i s e  
( a l s o  cal led broad-band  no ise) ,   and   b lade   s lap .   Mechanica l  
sou rces   o f   sound   wh ich   a r e   p roduced   by   t he   t r ansmiss ion ,   gea r -  
b o x ,   a n d   v i b r a t i n g   c o m p o n e n t s   o f   t h e   a i r c r a f t  may a l s o  be of 
importance.  Each source  of   sound  has  i t s  own d i s t i n g u i s h a b l e  
c h a r a c t e r i s t i c s .  The type  of  sound  which  dominates i s  a func- 
t i o n   o f   t h e   r e l a t i v e   p o s i t i o n   b e t w e e n   t h e   s o u n d   s o u r c e  and t h e  
o b s e r v e r ,   t h e   f l i g h t   c o n d i t i o n   o f   t h e   a i r c r a f t  and many o t h e r  
f a c t o r s .  Nevertheless, a t  m o d e r a t e   d i s t a n c e s   f r o m   t h e  tilt- 
r o t o r   a i r c r a f t ,  some q u a l i t a t i v e   j u d g m e n t s   a b o u t   t h e   r e l a t i v e  
i m p o r t a n c e   o f   t h e   d i f f e r e n t   s o u n d   s o u r c e s   c a n  be made. They 
are l i s t e d   b e l o w   i n   t h e   o r d e r   o f   d e c r e a s i n g   i m p o r t a n c e   f o r  far-  
f i e l d   c o n s i d e r a t i o n s :  

B l a d e   s l a p   ( i f  it o c c u r s )  
R o t o r   r o t a t i o n a l   n o i s e  
Ro to r   vo r t ex   no i se   (b road-band   no i se )  
Gearbox & t r a n s m i s s i o n   n o i s e  
Turb ine   eng ine   no i se .  

B l a d e   s l a p ,   i f  it o c c u r s ,  i s  d e f i n i t e l y   t h e   m o s t   o f f e n s i v e  
sou rce   o f   no i se .  The   l ow  f r equency   cha rac t e r i s t i c   impu l s ive  
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sound i s  n o t   a t t e n u a t e d   t o   a n y   g r e a t   e x t e n t   b y   t h e   a t m o s p h e r e  
and  can  be  heard a t  l a r g e   d i s t a n c e s   f r o m   t h e   s o u r c e .  The  main 
r o t o r   r o t a t i o n a l   n o i s e  i s  a lower  frequency  sound  which i s  
d i r e c t l y   r e l a t e d   t o   t h e   i n t e g r a t e d   f o r c e s   a c t i n g   i n  t h e  r o t o r  
b l a d e s .   R o t o r   v o r t e x   n o i s e ,   g e a r b o x   n o i s e ,   a n d   t u r b i n e   e n g i n e  
n o i s e  are of   h igher   f requency   and  are a t t e n u a t e d  much f a s t e r  
by  atmosphere. Each source  of   sound i s  subsequen t ly   d i scussed .  

R o t a t i o n a l   n o i s e  of a t i l t - r o t o r   i n   n o n a x i a l   f l i g h t .  - 
The r o t a t i o n a l   n o i s e   p r o d u c e d   b y  a t i l t - r o t o r  a r i ses  from t h e  
a c t i o n   o f  t h e  r o t o r   f o r c e s  on t h e  su r round ing  medium ( a i r ) .  
Each  element  of t h e  t i l t - r o t o r  has an elemental n e t   f o r c e  
a c t i n g  on it which may be  decomposed i n t o  a t h r u s t  and a d r a g  
fo rce .   These   e l emen ta l  forces may be i n t e g r a t e d   a l o n g   t h e  
r o t o r   b l a d e   a n d   a r o u n d   t h e   a z i m u t h   t o   y i e l d  t h e  t o t a l   t h r u s t  
and  torque of t h e  tilt r o t o r .   T h e s e   e l e m e n t a l   b l a d e   f o r c e s  
cause a n   e q u a l ,   b u t   o p p o s i t e   f o r c e   t o ,  be a p p l i e d   t o  t h e  medium. 
Assume, f o r   t h e  moment, t h a t   t h e   r e s u l t i n g   p r e s s u r e   f i e l d  on 
t h e  a i r  i n   t h e   r o t a t i n g   f r a m e  i s  s t e a d y  ( t h i s  assumption i s  
v a l i d   f o r  a p r o p e l l e r   i n   a x i a l   f l i g h t ) .  The pressure   measured  
a t  a n y   f i x e d   l o c a t i o n  on t h e   r o t o r   d i s c   a p p e a r s   o s c i l l a t o r y .  
A s k e t c h   o f   t h i s   o s c i l l a t i n g   p r e s s u r e   f i e l d  is shown in F i g u r e  
111-1. 

P r e s s u r e  i n   t h e   R o t a t i n g  
Frame  of Reference 

P W t I ,  = 
I 
I 
\ 

t 
0 2 T / R  

P r e s s u r e  a t  a Fixed 
Locat ion  on the Rotor D i s c  

F i g u r e  111-1 
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The p r e s s u r e  over each   b lade   chord  i s  assumed t o   b e  con- 
s t a n t   i n   t h i s   s i m p l i f i e d   i l l u s t r a t i o n .  The  frequency of t h e  
o s c i l l a t i n g   p r e s s u r e   f i e l d  a t  a p o i n t   i n   t h e   r o t o r   d i s c   p l a n e  
i s  p r o p o r t i o n a l  t o  t h e   f r e q u e n c y   w i t h   w h i c h   t h e   b l a d e s   p a s s  
t h a t   p o i n t .  

T h i s   s i m p l i f i e d   m o d e l   o f   o s c i l l a t i n g   f o r c e s   a n d   p r e s s u r e s  
i s  t h e   c o r n e r s t o n e   o f   p r e s e n t   r o t a t i o n a l   n o i s e   a n a l y s i s .   G u t i n  
( r e f .  9 )  w a s  t h e   f i r s t   t o   r e p r e s e n t   t h e   o s c i l l a t i n g   f o r c e   f i e l d  
of a p r o p e l l e r   i n  a F o u r i e r  series.  The  components  of t h i s  
series sum t o   y i e l d   t h e   t h r u s t  and   t o rque .   The   ro t a t iona l  
n o i s e   o f   t h e   p r o p e l l e r  i s  d e t e r m i n e d   b y   t r e a t i n g   t h i s   o s c i l l a -  
t i n g   f o r c e   f i e l d   a s  a n   a r r a y  of d ipo le   sou rces   f rom  wh ich   t he  
a c o u s t i c   f i e l d   c a n   b e   c a l c u l a t e d .  

Garr ick   and   Watk ins   ( re f .  1 0 )  e x t e n d e d   t h e s e   c o n c e p t s   t o  
an a x i a l l y  moving p r o p e l l e r .   B e c a u s e   t h e   p r o p e l l e r  i s  i n  
mot ion   and   the   observer  i s  s t a t i o n a r y ,   f r e q u e n c y   a n d   r e t a r d e d  
time c o r r e c t i o n s   m u s t   b e   a p p l i e d .  I n  t h e i r   d e r i v a t i o n ,   a n  
a x i s   s y s t e m   f i x e d   i n   t h e   p r o p e l l e r  was  assumed. 

Recen t ly ,  Lowson & Ol le rhead  ( refs .  11 and 1 2 )  have  pre-  
s e n t e d  a t h e o r y   f o r   h e l i c o p t e r   r o t a t i o n a l   n o i s e   w h i c h  i s  very  
similar t o   G a r r i c k  & Watk in ' s   mov ing   p rope l l e r   ana lys i s .  They 
d e r i v e d   t h e i r   e q u a t i o n s   i n   a n   a x i s   s y s t e m   f i x e d  i n  space  and 
i n c l u d e d   t h e   e f f e c t   o f   r o t o r   c o n i n g .   T h e i r   v e r y   c o m p l e t e  
a n a l y s i s   g o e s  on t o  show t h a t   h e l i c o p t e r   r o t a t i o n a l   n o i s e  i s  
very  dependent  upon t h e   h i g h e r   h a r m o n i c   a i r l o a d s .  The pres -  
s u r e  f i e l d   o f  t h e  a i r  i n  t h e   r o t a t i n g  frame of a h e l i c o p t e r  i s ,  
i n  g e n e r a l ,   n o t   s t e a d y .  The induced   f low  f ie ld ,   nonuni form 
i n f l o w   v e l o c i t i e s ,   a n d   n o n a x i a l   t r a n s l a t i o n  of t h e   r o t o r   p l a n e  
a l l  p r o d u c e   t i m e - v a r y i n g   b l a d e   f o r c e   a n d   p r e s s u r e   f i e l d s .  They 
a l s o   p o i n t   o u t   t h a t   a n   a n a l y t i c   d e s c r i p t i o n   o f   t h e   h i g h e r   h a r -  
monic a i r l o a d s  i s  p r e s e n t l y  a f o r m i d a b l e ,   i f   n o t   i m p o s s i b l e ,  
t a s k .  However,  by  curve f i t t i n g   e x i s t i n g   m e a s u r e d  and F o u r i e r  
a n a l y z e d   a i r l o a d   d a t a  (sec r e f s .  1 3  and 1 4 ) ,  Lowson and O l l e r -  
head were a b l e   t o   d e v e l o p  a s i m p l i f i e d   r o t a t i o n a l   n o i s e   p r e -  
d i c t i o n   t e c h n i q u e   t h a t   d o e s   c o n s i d e r   h i g h e r   h a r m o n i c   a i r l o a d  
da ta .   Thei r   compar ison   wi th   measured   acous t ica l   da ta  was 
encouraging.  

I n   t h e   i n t r o d u c t i o n   o f   t h e   a c o u s t i c a l   s e c t i o n   o f   t h i s  
r e p o r t ,   b l a d e   s l a p  was l i s t e d   a s   t h e   m o s t   o f f e n s i v e   s o u r c e   o f  
n o i s e .  I t  w a s  treated as a t o t a l l y   s e p a r a t e  phenomenon. I n  
r e a l i t y ,  it arises because of r a p i d l y   c h a n g i n g   b l a d e   p r e s s u r e s  
due t o   e i t h e r  bl'ade v o r t e x   i n t e r a c t i o n s  or advancing  blade 
c o m p r e s s i b i l i t y   e f f e c t s .   T h e s e   i m p u l s i v e   a i r l o a d s ,   w h i c h   i m p l y  
h i g h  levels of harmonic   conten t ,  are i n t e r p r e t e d   a c o u s t i c a l l y  
a s   b l a d e   s l a p .  However, some a c o u s t i c i a n s   ( r e f .  11) c l a s s i f y  
b l a d e   s l a p   a s  a s p e c i a l  case of r o t a t i o n a l   n o i s e .  
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The t i l t - r o t o r   a i r c r a f t  i s ,  i n  many r e s p e c t s ,   v e r y  much 
l i k e   t h e   s i n g l e  ro tor  h e l i c o p t e r .   F o r   t h i s   r e a s o n ,  a modif i -  
c a t i o n   o f  Lowson & O l l e r h e a d ’ s   s i m p l i f i e d   r o t a t i o n a l   n o i s e  
a n a l y s i s  i s  c h o s e n   f o r   t h i s   s t u d y .  The basic  program,  which 
i s  d e s c r i b e d   i n   r e f .  11 is  m o d i f i e d   t o  accommodate a r b i t r a r y  
r o t o r   p l a n e   i n c l i n a t i o n s   w i t h   r e s p e c t   t o   t h c   a i r c r a f t ’ s   v e l o -  
c i t y  and l o a d i n g  laws which are a f u n c t i o n   o f   t h e   o p e r a t i n g  
s t a t e  o f   t h e   r o t o r .  T h e   t h e o r y   w h i c h   r e s u l t s   r e d u c e d   t o  
Gar r i ck   and   Watk in ’ s   ana lys i s  when t h e   r o t o r s  are a c t i n g  as 
c o n v e n t i o n a l   p r o p e l l e r s   i n   a i r p l a n e   f l i g h t .   T h e s e   n e c e s s a r y  
m o d i f i c a t i o n s  are p r e s e n t e d   i n   t h e   f o l l o w i n g  two s u b s e c t i o n s  
o f   t h i s   r e p o r t .  

A c o u s t i c   f a r - f i e l d   e q u a t i o n s :  On a t i l t - r o t o r   a i r c r a f t ,  
t h e   r o t o r   d i s c   p l a n e  may a s sume   any   ang le   w i th   r e spec t   t o   t he  
f r e e s t r e a m   v e l o c i t y   o f   t h e   a i r c r a f t .  A conven ien t   ax i s   sys t em 
i n  which t o   d e r i v e   t h e   a c o u s t i c   e q u a t i o n s  i s  i l l u s t r a t e d   i n  
F i g u r e  111-2 .  The chosen set  of   o r thogonal   axes  are f i x e d   i n  
space  a t  t h e  time t h e   s o u n d   w a s   f i r s t   e m i t t e d   a n d   t h e  X, a x i s  
i s  a l i g n e d   w i t h   t h e   t h r u s t i n g   a x i s   o f   t h e   r o t o r .  

Th i s  same a x i s   s y s t e m  was used i n   t h e   d e v e l o p m e n t   ( r e f .  
11) o f   t h e   r o t a t i o n a l   n o i s e   e q u a t i o n s   o f  a h e l i c o p t e r   o p e r a t i n g  
i n   l e v e l   s t e a d y - s t a t e   f l i g h t .  By d i f f e r e n t i a t i n g   t h i s   s o u r c e  
i n   t h e   a p p r o p r i a t e   d i r e c t i o n s ,   t h e   r e s u l t i n g   d i p o l e   r a d i a t i o n  
f o r   f l u c t u a t i n g   a x i a l ,   c i r c u m f e r e n t i a l ,  and r a d i a l  components 
o f   fo rce   can   be   expres sed .  

P o s i t i o n  0 
( P r e s e n t   P o s i t i o n  
o f   t h e   A i r c r a f t )  

P o s i t i o n  P Rotor Disc 

Sound 
was 

Here Axis 

”-” 
Emitted.  -4- - 

System 

Used. t o   D e r i v e  Q 
t h e  Acollst ic  Equation Observer ’s  

P o s i t i o n  

F igu re  1 1 1 - 2  41 

The e q u a t i o n   w h i c h   g o v e r n s   t h e   r o t a t i o n a l   n o i s e   o f  a r o t o r  
o p e r a t i n g   i n   n o n a x i a l   f l i g h t   b e c o m e s ,  as d e r i v e d   i n  ref .  11: 
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Cn = an + ibn 

(111-1) 

where 
Cn = the  nth  sound  harmonic at position Q when  the  tilt 

rotor  aircraft  is  presently  at 0. 

n = mB harmonic  number x number  of  blades 

A = loading  harmonic  number 

R = rotational  speed of rotor, radians/sec 

X, = acoustic  axis  perpendicular  to  tip  path  plane  with  the 
positive  direction  forward  of  the  tip  path  plane 

a, = speed  of  sound  in  free  air,  ft/sec 

s = distance  of  the  observer  from  the  rotor  hub 

aAT,  bhT;  aXD,  blD;  aAC,  bAC = the  thrust,  drag  and  radial 
force  harmonic  components 

J = J(nMyn/s) : Bessel  function  of  argument (nMyn/s) 

R’ = radius of point  source on rotor 

yn = acoustic  axis  parallel  to  tip  path  plane  with  the 
positive  direction  below  the  axis of rotation 

J‘ = derivative  of  Bessel  function 

M = Mach  number  at  the  radial  station of the  point  source 
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T h e s e   b a s i c   r e s u l t s  are independen t -o f - the   d i r ec t ion -o f   mo t ion  
of   the   sound  source .  

-~ . ~ ~ _ _ _ _ ~  - 

- _ _ ~  

Lowson & O l l e r h e a d   ( r e f .  11) used   eqs .  (111-1) and ( 1 1 1 - 2 )  
t o   p r e d i c t   t h e   r o t a t i o n a l   n o i s e   o f  a h e l i c o p t e r   o p e r a t i n g   i n  
l e v e l   s t e a d y - s t a t e   f l i g h t .   T h e s e  same e q u a t i o n s  are  u s e d   i n  
t h i s   a n a l y s i s  t o  p r e d u c t   t h e   r o t a t i o n a l   n o i s e   o f  a t i l t - r o t o r  
a i r c r a f t .  However, t h e  t i l t i n g   p l a n e   o f   t h e   r o t o r s  i s  al lowed 
t o  assume  an  angle,  a w i t h   r e s p e c t   t o   t h e  freestream v e l o c i t y  
o f   t h e   a i r c r a f t  (see Figure   111-3) .  

It i s ,  t h e r e f o r e ,   n e c e s s a r y   t o  r e l a t e  t h e   f l i g h t   c o n d i t i o n  
of t h e   t i l t - r o t o r   a i r c r a f t   t o   t h e  Xn, yn ax i s   sys t em.  The 
fo l lowing   geomet r i ca l   r e l a t ionsh ips   can   be   deduced  by in spec -  
t i on   o f   F igu re   111-3 .  

d e r i v e  t h e  a c o u s t i c  
e q u a t i o n s  

O b s e r v e r ' s  
P o s i t i o n  

Figure  111-3 

X, = X, c o s ( a p )  - yw s i n ( a p )  

yn = X, s i n ( a p )  + yw cos  ( a p )  

Zn = 

(111-3) 

( 1 1 1 - 4 )  

(111-5) 
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where X, = AXw + M r  

Yw = AYW 

(111-6)  

(111-7) 

M AXw + S 
and   phase   r ad ius ,  r =  

B 2  
(111-8) 

w h i l e  S = /AXw2 + B2(Ayw2 + Z w 2 )  
i 

(111-9 )  

The v a r i a b l e  Zn : Z w  h a s   b e e n   i n t r o d u c e d   t o   a l l o w   t h e  
o b s e r v a t i o n   p o i n t   t o   b e  moved t o   s p e c i f i e d   " s i d e - l i n e "   p o s i -  
t i o n s .  A d e r i v a t i o n   o f  eqs. (111-6 )  th rough (111-10)  i s  p r e -  
s e n t e d   i n   d e t a i l  i n  r e f .  1 0 .  

Eqs. (111-1) t h r o u g h   ( 1 1 1 - 1 0 )   p r e d i c t   t h e   r o t a t i o n a l  
n o i s e   o f   t h e   t i l t - r o t o r   a i r c r a f t   f o r   s p e c i f i e d   f l i g h t   c o n d i -  
t i o n s  and   co r re spond ing   va lues   o f   t he   ha rmon ic   fo rce   coe f f i -  
c i e n t s .  A method   o f   spec i fy ing   t he   ha rmon ic   fo rce   coe f f i c i en t s  
i s  p r e s e n t e d   i n   t h e   n e x t   s u b s e c t i o n .  

Aerodynamic  loading laws of t h e   p r o p - r o t o r :  I t  has   been 
e s t a b l i s h e d   b y  many au tho r s   t ha t   b l ade   l oad ing   ha rmon ic   da t a  
i s  i m p o r t a n t   i n   b e i n g   a b l e   t o   p r e d i c t   r o t a t i o n a l   n o i s e   o f  a 
h e l i c o p t e r .   U n f o r t u n a t e l y ,   a d e q u a t e   t h e o r e t i c a l   p r e d i c t i o n  
t e c h n i q u e s   a n d / o r   s u f f i c i e n t l y   r e l i a b l e   e x p e r i m e n t a l   d a t a   t o  
q u a n t i t a t i v e l y   d e f i n e   t h e   h i g h e r   l o a d i n g   h a r m o n i c s  i s  l a c k i n g  
a t  t h e   p r e s e n t  t i m e .  To surmount t h i s   d i f f i c u l t y   f o r   t h e  
h e l i c o p t e r ,  Lowson & O l l e r h e a d   ( r e f .  11) developed   the   concept  
of a ' ' r o to r   l oad ing   l aw ."  They h y p o t h e s i z e d   t h a t   t h e   h i g h e r  
ha rmon ic   a i r loads   dec rease  by some power  of the  harmonic 
number. This   exponent  i s  r e f e r r e d   t o  as the   " loading   law"   and  
i s  d e s i g n a t e d  by t h e  symbol  "n". By e m p i r i c a l l y   f i t t i n g   a i r -  
l o a d   d a t a   o f   h e l i c o p t e r s   i n   l e v e l   s t e a d y - s t a t e   f l i g h t ,  a 
numer ica l   va lue   o f  2 was t h o u g h t   t o   b e   r e p r e s e n t a t i v e .   I f   t h e  
phase of the   loading   harmonics  is assumed t o   b e  random, t h e  
f o l l o w i n g   e x p r e s s i o n   r e s u l t s :  

= Fsteady/X 
(n+O. 5 )  

where n = 2 . 0  
F = h a r m o n i c   a i r l o a d s  
X E loading  harmonic  number. 

I t  i s  assumed t h a t   t h e   h i g h e r   h a r m o n i c   a i r l o a d s   o f   t h r u s t ,  
d r a g ,   a n d   r a d i a l   f o r c e  a l l  obey   the  same loading  law.  

41 



Thus , 

CAC = oc (n+0.5) 

(111-11) 

( 1 1 1 - 1 2 )  

(111-13) 

where n = 2 . 0 .  

I f   e q s .  (111-11) , ( 1 1 1 - 1 2 )  , and   (111-13)   a r e   subs t i t u t ed  
i n   e q s .  (111-1) through (111-lo), t h e   r o t a t i o n a l   n o i s e   g e n e -  
r a t e d  by a h e l i c o p t e r   i n   l e v e l   s t e a d y - s t a t e   f l i g h t  i s  com- 
p l e t e l y   d e t e r m i n e d .  

The concept  of a " loading   law"   which   descr ibes   the   b lade  
load ing   o f   any   ro to r  i s  a n   a t t r a c t i v e   o n e .  I t  s i m p l i f i e s  much 
of the   necessary   mathemat ics   bu t  s t i l l  s h o u l d   r e t a i n  t h e  char -  
ac te r  o f   t h e   s o l u t i o n .  However, t h e  q u e s t i o n   o f  how t h i s  
b l a d e   l o a d i n g   v a r i e s  as a func t ion   of   forward   speed   and   ro tor  
a n g l e   o f   a t t a c k  i s  still unanswered. A t  t h e  p r e s e n t  t i m e ,  
V e r t o l ,   i n   c o n j u n c t i o n  w i t h  t h e  A m e s  D i r e c t o r a t e   o f  AMRDL, i s  
r e d u c i n g   t h e   p r e s s u r e   d a t a  on a wind  tunnel   model   rotor  t e s t  
t o   h e l p   e s t a b l i s h   t h e s e   l o a d i n g   l a w s   ( r e f .  1 6 ) .  I n  t h e  n e x t  
f e w  pa rag raphs ,  a framework  which  can  be  used t o   a c c e p t   t h i s  
d a t a  i s  deve loped .   P re l imina ry   da t a   f rom  r e f .  1 6  and some 
l o a d i n g   d a t a   f r o m   r e f .   1 3  are used t o   e s t i m a t e  how the   ope ra -  
t i n g   s t a t e   o f   t h e   r o t o r   i n f l u e n c e s   t h e   s l o p e  of t h e  assumed 
load ing  l a w .  By adop t ing  t h e  concept   o f  a loading  law  which 
i s  only  a f u n c t i o n   o f   t h e   r o t o r ' s   o p e r a t i n g   s t a t e ,  a s i n g l e  
approximate   no ise   p red ic t ion   methodology i s  developed  which 
can   be   u sed   fo r   ro to r s  and p r o p e l l e r s .  

P h y s i c a l l y ,  it may be   a rgued   t ha t   t he   h ighe r   ha rmon ic  a i r -  
loads  of a r o t o r   i n   a x i a l   f l i g h t  may be  dependent  on the   p rox-  
i m i t y  of a r o t o r   b l a d e   t o  t h e  t i p   v o r t e x   o f   t h e   p r e c e d i n g  
b l a d e  and t o   t h e   s t r e n g t h  of t h i s  t r a i l e d   v o r t e x .   T h u s ,  it 
would  appear as i f   t h e   l o a d i n g   l a w s   s h o u l d   b e   p a r t i a l l y   b a s e d  
upon t h e   d i s t a n c e  I'dn"  shown i n  F igu re  1 1 1 - 4 .  T h i s   d i s t a n c e  
may b e   c a l c u l a t e d   b y   c o n s i d e r i n g   t h e  mass flow r a t e  which i s  
normal t o   t h e   d i s c   p l a n e .   T h u s ,   f r o m   s i m p l e  momentum t h e o r y ,  
t h e   i n f l o w   n o r m a l   t o  t h e  t ip-path  plane  becomes 

Normal in f low = V cos (a,) + v.  

The d i s t ance   "dn"  i s  , t h e r e f o r e ,   g i v e n  by 

dn =   IT ( V  COS ( ap )  + v ) / R B  

where B number  of  blades. 
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TOP VIEW SIDE VIEW 

T 

Vortex 

F i g u r e  111-4 

The major u s e f u l n e s s  of t h e   c o n c e p t   o f   a n   e f f e c t i v e  IIdn" 
l i es  i n  i t s  a b i l i t y  t o  approximately r e l a t e  t h e   i n f l u e n c e  of 
t h e   t r a i l i n g   v o r t i c e s  t o  t h e   h i g h e r   h a r m o n i c   l o a d i n g   d i s t r i b u -  
t i o n  on t h e   l i f t i n g   r o t o r s .  The loca l   i nduced   ve loc i ty   caused  
by a t r a i l i n g   t i p   v o r t e x  on  one ro to r   b l ade   can   be   approx ima ted  
as 

A v ~  % ( l . O / B )  (Ar/21~dn) = Ar/21~Bdn 

where Ar i s  t h e   t o t a l   v o r t i c i t y   o f   t h e   t i p   v o r t e x   o f   o n e   r o t o r  
b l ade .  

However, t h e   a v e r a g e   v o r t i c i t y   o f   t h e   l i f t i n g   r o t o r  i s  
a p p r o x i m a t e l y   r e l a t e d   t o   t h e   t o t a l   t h r u s t  by t h e   f o l l o w i n g  
a n a l y t i c a l   e x p r e s s i o n  

It i s  a l s o  assumed f o r   c o n v e n i e n c e   t h a t   t h e   v o r t i c i t y  of 
t h e   t i p   v o r t e x   o f   t h e   p r e c e d i n g   b l a d e  i s  p r o p o r t i o n a l  t o  t h e  
a v e r a g e   v o r t i c i t y   o f   o n e   b l a d e .   T h e r e f o r e ,  Ar i s  p r o p o r t i o n a l  
t o  r .  Thus ,   t he   i nduced   ve loc i ty   wh ich   r e su l t s   f rom  the   pas sage  
of   the   p receding   b lade   measured  a t  t h e   r o t o r   p l a n e  becomes 

v i  % T/rBdn p R R 2 .  

T h e r e f o r e ,   t h e   l o a d s   w h i c h  are i n d u c e d   b y   t h e   t r a i l i n g  
vor tex   sys tem  can   be   g ross ly   approximated   by  

I 

Higher  Harmonics  Induced 
Load  on One Blade 

R 
Q I ( 1 / 2 ) ~ ( R r ) ~  a ( v i / Q r ) c   d r .  

0 
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I n t e g r a t i n g   a n d   d i v i d i n g   b y   t h e  t o t a l  t h r u s t ,   o n e   o b t a i n s  

T h e   i n f l u e n c e   o f   t h e   t r a i l i n g   v o r t e x   s y s t e m   o n   t h e   " l o a d i n g  
l a w "  o f   t h e  ro to r  i s  h y p o t h e s i z e d   t o  be c o r r e l a t e d   t o   t h i s  
s i m p l i f i e d   c a l c u l a t i o n   o f   t h e   h i g h e r   h a r m o n i c   i n d u c e d   l o a d   o n  
o n e   r o t o r   b l a d e .  A new parameter  ( X P a a )  which i s  d e f i n e d  t o  
be t h e   i n v e r s e   o f  A I Q / T  i s  i n t r o d u c e d   t o   f a c i l i t a t e   t h i s   c o r r e -  
l a t i o n .  

( 1 1 1 - 1 4 )  

where u = Blade Area/Disc Area 
= (v  COS(ap) + V)/QR 

a = l i f t   c u r v e   s l o p e   o f   o n e   r o t o r   b l a d e  = 5. 

Load ing   da t a   f rom  r e f .  1 3  and  from a p r e l i m i n a r y   a n a l y s i s  
of a model r o t o r   o p e r a t i n g   i n  a w i n d   t u n n e l   ( r e f .  1 6 )  has   been  
p l o t t e d   v e r s u s   t h e  computed  parameter X P a a  i n   F igu re   111-5 .  A 
g e n e r a l   t r e n d   t o w a r d   l a r g e r   v a l u e s   o f  n d o e s   e x i s t   f o r   l a r g e r  
va lues   o f   XPgi .   The   loading  l a w  'In'' which i s  u s e d   i n   t h i s  
r epor t   has   been   approx ima ted   t o   be  a l i n e a r   f u n c t i o n   o f  X P a R  
a s  shown in   F igu re   111-5 .  I t  i s  mathematical ly   expressed  by 
t h e   e q u a t i o n  

n = 0.04851XPaRI + 1.3. (111-15) 

Although much o f   t h e   p r e c e d i n g   a n a l y s i s  i s  c o n j e c t u r e  a t  
t h i s  time, i t  i s  i n t e r e s t i n g   t o  look a t  some of t h e   p h y s i c a l  
imp l i ca t ions   o f   t h i s   p roposed   l oad ing   l aw .   In   t he   he l i cop te r  
mode, n e a r   h o v e r ,   t h e   l o a d i n g   l a w   e x p o n e n t   h a s   b e e n   c h o s e n   t o  
b e   e q u a l   t o  2 .  The   cor responding   va lue   for  X P Q ~  i s  1 4 . 4 .  A s  
forward  speed i s  a t t a i n e d ,   t h e   r o t o r   i n d u c e d   v e l o c i t y   d e c r e a s e s ,  
t h e r e b y   d e c r e a s i n g   t h e   n e t   i n f l o w   t h r o u g h   t h e   t i p   p a t h   p l a n e .  
The r e s u l t i n g   c l o s e   p r o x i m i t y  of t h e   t r a i l i n g   t i p   v o r t i c e s   t o  
t h e   r o t o r   t i p   p a t h   p l a n e  i s  accoun ted   fo r  by a d e c r e a s e   i n  x P a a .  
The re fo re  smaller va lues   o f  'In'' r e s u l t .  A t  h i g h e r   s p e e d s   i n  
t h e   h e l i c o p t e r   c o n f i g u r a t i o n ,   t h e   r o t o r   t i p   p a t h   p l a n e  t i l t s  
forward t o   b a l a n c e   t h e   i n c r e a s i n g   d r a g .  The l a rge   i n f low  wh ich  
r e s u l t s   c a u s e s   l a r g e   v a l u e s   o f  XPag t o  b e   c a l c u l a t e d .   L a r g e r  
v a l u e s  of 'In'' r e s u l t .  
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F igu re  111-5  

n whlch r e s u l t  i r .d icate  t h e   r e l a t i v e   u n i m p o r t a n c e  of h i g h e r  
harm0ni .c   loading   for   p rope l l . e rs .  

With a l a r g e   v a l u e  of t h r u s t ,  a l o w  s o l i d i t y   r a t i o ,  o r  a 
small i n f l c w   v e i o c i t y ,  low va lues   o f  XPRII, r e s u l t .  The corre- 
sporlciing sma.11 v a l u e  of n i n d i c a t e s   t h e   i m p o r t a n c e  of h i g h e r  
harmonic b l ade  l o a d i n g   i n   b e i n g   a b l e   t o   p r e d i c t   t h e   r o t a t i o n a l  
n o i s e  of t h e  r o t o r .  

Vor t ex   no i se   (b road-band   no i se ) .  - Examination of r o t o r  
a n d   p r o p e l l e r   n o i s e   s p e c t r a   r e v e a l s   t h a t   t h e y   c o n s i s t  of a 
number of peaks o r  l i n e   s p e c t r a   o c c u r r i n g  a t  the   fundamenta l  
b laze  passage  frequency  and i t s  harmonics .   In   between these  
i s  a con t inuous   spec t rum  cha rac t e r i s t i c   o f   sou rces   wh ich  a re  
random in nature .   These  a re  p r i m a r i l y  of t w o  t y p e s :   d i p o l e  
sou rces   f rom  the  random f o r c e   f l u c t u a t i o n s  on t h e   r o t o r   b l a d e s  
a n d q u a d r u p o l e   s o u r c e s   f r o m   t h e   t u r b u l e n t   f l o w   w i t h i n   t h e   b l a d e  
wakes .   In   t he  case of r o t o r s  and p r o p e l l e r s ,   t h e  random n o i s e  
produced as d ipo le   sou rces   domina te s   unde r   t he   u sua l   ope ra t ing  
c o n d i t i o n s .  

" 
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W i t h   t h e   t i l t - r o t o r  a t  low t h r u s t ,   r o t a t i o n a l   n o i s e  
becomes  comparatively weak and i s  o n l y   s l i g h t l y   h i g h e r   t h a n  
v o r t e x   n o i s e .   C o n s i d e r i n g   t h a t   v o r t e x   s o u n d  i s  made up  of a 
c o n t i n u o u s   s p e c t r u m ,   i n s t e a d   o f   l i n e   s p e c t r a   l i k e   t h e   r o t a -  
t i o n a l   n o i s e ,  it c a n  b e   e x p e c t e d   t h a t   v o r t e x   n o i s e  i s  t h e  
m a j o r   c o n t r i b u t o r   t o   t h e   o v e r a l l   a c o u s t i c  power l e v e l s   u n d e r  
t h e s e   c o n d i t i o n s .  A t  n o r m a l   o r   h i g h   t h r u s t   c o n d i t i o n s ,   t h e  
o v e r a l l   v o r t e x   n o i s e   l e v e l  may be 2 0  t o  30  dB b e l o w   t h e   o v e r a l l  
r o t a t i o n a l   n o i s e   l e v e l .  However,  above 2 5 0  Hz,  t h e   l e v e l   o f  
t h e   r o t a t i o n a l   n o i s e   h a r m o n i c s   f a l l s   o f f   q u i t e   r a p i d l y   u n d e r  
n o r m a l   r o t o r   o p e r a t i n g   c o n d i t i o n s ,   w h i l e   t h e   s p e c t r u m   l e v e l   o f  
v o r t e x   n o i s e  i s ,  i n  mos t   i n s t ances ,   on  t h e  upswing  toward a 
maximum leve l   de t e rmined  by t h e  r o t o r   b l a d e   S t r o u h a l   f r e q u e n c y .  

S ince  t h e  c h a r a c t e r i s t i c   v o r t e x   n o i s e  i s  e a s i l y   d i s t i n -  
g u i s h a b l e   f r o m   r o t a t i o n a l   n o i s e  by i n s t r u m e n t a l  and a u r a l  
a n a l y s i s ,  i t  a l s o   l e n d s   i t s e l f   t o  a s e p a r a t e   p r e d i c t i o n  method 
which i s  descr ibed  below.   These  methods  are   included i n  t h e  
a n a l y t i c a l  m o d e l   o f   t h e   t i l t - r o t o r   a i r c r a f t   b e c a u s e   o f  t h e  
impor tance   o f   th i s   sound i n  d e t e r m i n i n g   t h e   a u r a l   a c c e p t a b i l i t y  
o r   a n n o y a n c e   a n d   a i r c r a f t   d e t e c t i o n .  

G e n e r a l i z a t i o n  of e m p i r i c a l   d a t a :   P r e d i c t i o n   o f   o v e r a l l  
s o u n d   p r e s s u r e   l e v e l  of v o r t e x   n o i s e  i s  based on c o n s i d e r a b l e  
e x t e n s i o n   o f   t h e  work of Yudin ( r e f .  1 7 )  w i t h  r o t a t i n g   r o d s .  
T h i s   d e v e l o p m e n t   l e d   t o   t h e   r e l a t i o n s h i p   w h e r e   t h e   t o t a l  
a c o u s t i c  power g e n e r a t e d  by t h i s  mechanism i s ,  among o t h e r  
t h i n g s ,   p r o p o r t i o n a l   t o   t h e   r o t o r   b l a d e   t i p   s p e e d   r a i s e d   t o   t h e  
s i x t h  power. T h e  c ther  f a c t o r s  on which t h i s   n o i s e   l e v e l   p r i -  
m a r i l y   d e p e n d s   a r e   t h e   l i f t   o f  t h e  r o t o r   a n d  t h e  a r e a  of t h e  
b l a d e s .  Wi th  s u i t a b l e   e m p i r i c a l   c o n s t a n t s   a d d e d   t o  match 
m e a s u r e d   r o t o r   n o i s e   d a t a ,   S c h l e g e l   ( r e f .  1 8 )  g i v e s  t h e  fol low- 
i n g   e x p r e s s i o n   f o r  t h e  o v e r a l l   v o r t e x   n o i s e   l e v e l   a t  a d i s t a n c e  
of 5 0 0  f e e t  from t h e   r o t o r  and 2 0  degrees   below t h e  r o t o r   d i s c  
p l ane :  

(111-16) 

where dB500 = o v e r a l l   v o r t e x   n o i s e  i n  d e c i b e l s   a t  5 0 0  f e e t  
V t  = r o t o r   b l a d e   t i p   s p e e d   i n   f e e t   p e r   s e c o n d  
T = t h r u s t  i n  pounds 
s b  = t o t a l   b l a d e   a r e a   i n   s q .  f t .  

F o r   t h e  Model 1 6 0  t i l t - r o t o r   a i r c r a f t   o v e r a l l   v o r t e x   n o i s e  
l e v e l   p r e d i c t i o n ,  5 decibels   have  been  added t o  compensate   for  
t h e   g e n e r a l l y  l o w  estimate a r r i v e d   a t  by t h e  use  of eq.  (111-16) 
Lowson & O l l e r h e a d ' s   r a t i o n a l e   ( r e f .  11) f o r  adding 5 d e c i b e l s  
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i s  t o  compensa te   fo r   t he   i nc reased  number  of b l a d e s  ( 5  and 6 )  
used by Schlege l ,   whereas   mos t  rotors have 3 t o  4 b l a d e s   l i k e  
t h e  Model  160 a i r c ra f t .  O t h e r   d a t a   i n   t h e   p r o c e s s   o f   b e i n g  
reduced  under   an ARO Resea rch   Con t rac t  ( re f .  1 9 )  by   Ver to l  
i n d i c a t e   t h a t   t h e   a d d i t i o n   o f  5 dB i s ,  pe rhaps ,  still too  con-  
s e r v a t i v e .  

S ince   vo r t ex   no i se   has   been   a s sumed   t o   be   p r imar i ly   o f   t he  
d i p o l e   t y p e ,   w i t h  maxima on t h e   r o t o r   a x i s   a b o v e  and  below t h e  
d i s c   p l a n e  and a minimum i n   t h e   d i s c   p l a n e ,   a n   e x p r e s s i o n   f o r  
t h i s   d i s t r i b u t i o n   h a s   b e e n   d e s c r i b e d   i n   r e f .  1 2  as fo l lows :  

where 4 is  the  angle   measured  f rom t h e  r o t o r   s h a f t   a x i s .  T h e  
e x p r e s s i o n   y i e l d s  a ze ro  dB c o r r e c t i o n   f o r  an ang le  2 0  deg rees  
be low  the   ro to r   d i sc   p l ane   wh ich  means t h a t   e q .  ( 1 1 1 - 1 7 )  i s  
s imply   added   t o   t he  r e su l t s  of   eq.  ( 1 1 1 - 1 6 )  t o   s p a t i a l l y  
c o r r e c t  t h e  p r e d i c t e d   o v e r a l l   v o r t e x   n o i s e   l e v e l .  A d i f f e r e n c e  
of   approximately 1 0  dB e x i s t s  by t h e   u s e   o f   t h e   d i r e c t i v i t y  
formula  between t h e  l e v e l   o f   t h e  maxima and minimum. 

Reference was n a i l c  s e v e r a l   p a r a q r a p h s  agc! t o  t h e  r c l t o r  
b lade   S t rouhal   f requency   where   the   peak  of t h e   v o r t e x  no i se  
occur s .   Th i s   f r equency  i s  g iven   by   the   fo l lowing   formula  
( r e f .  1 2 )  which r e l a t e s   t o   t h e   b l a d e   s p e e d  and r a d i u s :  

f, = (Vt/K.R,) Hz  (111-18) 

I n  eq.  ( 1 1 1 - 1 8 )  , Vt i s  t h e   r o t o r   b l a d e   t i p   s p e e d  i n  f t / s e c ,  
and R, i s  t h e  r o t o r  r a d i u s  i n  f e e t .  T h e  c o n s t a n t  K i s  d e r i v e d  
from S c h l e g e l ' s   d a t a  as  0 . 0 3 5 .  

I n   o r d e r   t o   p r e d i c t   t h e   g e n e r a l   s p e c t r u m   s h a p e   o f   t h e   c o n -  
t i nuous ly   va ry ing   l eve l   o f   t he   b road-band   vo r t ex   no i se ,  O l l e r - .  
head & Lowson ( r e f .  1 2 )  assume a bas ic   spec t rum  shape   formula  
which, when p rope r ly   mod i f i ed   fo r  t h e  f requency  modulat ion 
e f f e c t s  of   b lade   ro ta t ion   and   expressed   for   purposes   o f   one-  
t h i r d   o c t a v e   b a n d   n o i s e   l e v e l   p r e d i c t i o n ,   y i e l d s   t h e   f o l l o w i n g  
e x p r e s s i o n   ( g i v i n g   r e s u l t s   i n  dB) t o  be aildec2 t o   t h e   r e s u l t s  
of Eq. ( 1 1 1 - 1 6 ) :  
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(111-19) 

I n   t h i s   f o r m u l a ,  Mt  i s  t h e   b l a d e   t i p  Mach number  and f ;  
and  f; are t h e   D o p p l e r   s h i f t e d   ( r e f .  2 0 )  lower  and  upper  one- 
t h i rd   oc t ave   band   f r equency  limits r e s p e c t i v e l y ,   d i v i d e d  by 
t h e   v o r t e x   n o i s e   c e n t e r   f r e q u e n c y   f ,   g i v e n  by  eq.  (111-18). 
Expres sed   i n   ma themat i ca l   no ta t ion :  

f ;  = f i / f ,  and f i  = f I ; / fo .  

The e f f e c t   o f   t h e   D o p p l e r   s h i f t  comes i n  two p a r t s :  
f i r s t ,  a term t o   c o r r e c t   t h e   o v e r a l l   v o r t e x   s o u n d   p r e s s u r e  
l e v e l   ( e q .  ( 1 1 1 - 1 6 ) )  f o r   t h e   e f f e c t i v e   c h a n g e   i n   m e a s u r e d   b a n d -  
wid th ,   exp res sed  i n  dB, by; 

B = 1 0  l o g  Bandwidth   cor rec ted   for   Doppler   Shi f t  
Original   Bandwidth 

~ ~ ( 1 1 1 - 2 0 )  

Here, the   "Or ig ina l   Bandwidth"  term i n   t h e   d e n o m i n a t o r   c o r r e -  
sponds t o   t h e   d i f f e r e n c e   i n  H e r t z  between  the  upper  (fH)  and 
t h e   l o w e r   ( f L )   o n e - t h i r d   o c t a v e   f i l t e r   c u t - o f f   f r e q u e n c i e s   a n d  
i s  e q u a l   t o  23 pe rcen t   o f   t he   cen te r   f r equency   o f   any   one  
p a r t i c u l a r   f i l t e r .  T h e  e n e r g y   o r i g i n a l l y   i n   t h i s   b a n d w i d t h  
i s  now a s s i g n e d   t o  a new bandwid th   co r re spond ing   t o  23 p e r c e n t  
o f   t h e  new o r   Dopp le r   sh i f t ed   cen te r   f r equency .   Th i s  new 
b a n d w i d t h   c o r r e s p o n d s   t o   t h e   n u m e r a t o r   i n  eq. ( 1 1 1 - 2 0 ) .  The 
r e l a t ionsh ips   be tween   t he   cu to f f   f r equenc ie s   and   t he   one - th i rd  
o c t a v e   c e n t e r   f r e q u e n c y  are  as fo l lows :  

fc  = 

and f L  = (fc/21'6) . 
I 

T h e   s e c o n d   e f f e c t   d u e   t o   D o p p l e r   s h i f t  i s  f rom  the   e f f ec -  
t i v e   s h i f t   i n   f r e q u e n c i e s   w h i c h   o c c u r s  when the   sound  source  
approaches   o r   r ecedes   f rom  the   obse rve r .   Th i s   has   t he   ana ly t -  
i c a l  e f f e c t   o f   d i v i d i n g   t h e   t h r e e   e x p r e s s i o n s ,   i m m e d i a t e l y  
g i v e n   a b o v e   f o r   t h e   f i l t e r   f r e q u e n c i e s ,  by t h e  term 
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(1- M cos e ) .  Here, M i s  t h e   f l i g h t  Mach number o f   t h e   a i r -  
c r a f t  and 8 i s  t h e   a n g l e   b e t w e e n   t h e   f l i g h t   p a t h  and a l i n e  
connec t ing   t he   sound   sou rce   w i th   t he   obse rve r .  

I t  i s  t h e   t h u s   m o d i f i e d ,  or D o p p l e r   s h i f t e d ,   f i l t e r  fre- 
quency limits fk  and  fL  denoted by the   p r imed  ( * )  symbols  and 
t h e   n o r m a l i z e d   f i l t e r   f r e q u e n c y  limits f*l and f i   i n   e q .  (111-19) 
which are used t o  c a l c u l a t e   t h e   o n e - t h i r d   o c t a v e   b a n d   v o r t e x  
n o i s e   s p e c t r a l   d i s t r i b u t i o n .  

Eq. (111-19) h a s   b e e n   e v a l u a t e d   f o r   t h r e e   d i f f e r e n t   r o t o r  
t i p   s p e e d s   o f   t h e  CH-3C h e l i c o p t e r   r o t o r  and the   oc t ave   band  
r e s u l t s   a r e  shown i n   F i g u r e  111-6. The  broadening  of   the  pre-  
d i c t e d   s p e c t r u m   t o w a r d   t h e   h i g h e r   f r e q u e n c i e s  as b l a d e   t i p  
s p e e d   i n c r e a s e s  i s  r e a d i l y   a p p a r e n t .  However, it should   be  
p o i n t e d   o u t   t h a t  as b l a d e   t i p  Mach numbers  of 0.8-0.9 a r e  
approached ,   vo r t ex   no i se  i s  no  longer  a p r i m a r y   c o n t r i b u t o r  
t o  t h e  f a r - f i e l d   n o i s e   p r o d u c e d  by t h e  h e l i c o p t e r .  

CH-3C ROTOR 
4 n, PREDICTED OCTAVE BAND VORTEX NOISE 

-1 3 EFFECT O F  BLADE T I P  MACH NUMBER I I s I 

7 
- 

Frequency   in  HZ 

Figure  XII-6 

S e v e r a l   o f   t h e   f o r e g o i n g   e x p r e s s i o n s   r e q u i r e  a modif ica-  
t i o n   f o r   s p e c i f i c   a p p l i c a t i o n  t o  t h e  Model 1 6 0  t i l t - r o t o r   a i r -  
c r a f t .  T h i s  i s  d u e   t o  t h e  c h a n g e s   i n   r o t o r   d i s c   p l a n e   a t t i t u d e  
w h i c h   o c c u r   a s   t h e   a i r c r a f t   c o n v e r t s   f r o m  t h e  h e l i c o p t e r   r o t o r  
mode t o  a i r p l a n e   p r o p e l l e r  mode a t   t a k e o f f ,  and v i c e - v e r s a  
du r ing   l and ing .  I t  i s  assumed t h a t   t h e   l o c a l   f l o w   o v e r   t h e  
b l a d e ' i s   r e s p o n s i b l e   f o r   t h e   m a g n i t u d e   o f   t h e   r e s u l t a n t   n o i s e  
.and can  be  thought  of as c o n s i s t i n g  of t w o  components: one 
a l i g n e d   w i t h   t h e   t i p   v e l o c i t y   v e c t o r  V t  a n d   a n o t h e r   p a r a l l e l  
t o  t h e   a i r c r a f t   v e l o c i t y   v e c t o r  V. I f  up  i s  the   angle   be tween 
t h e   r o t o r   s h a f t   a x i s   a n d   t h e   d i r e c t i o n   o f   t h e   a i r c r a f t   v e l o c i t y  
v e c t o r  V, t h e   e f f e c t i v e   a d v a n c i n g  rotor t i p   s p e e d   c a n   b e  
expressed  by:  



E q .  ( 1 1 1 - 2 1 )  i s  s u b s t i t u t e d   f o r   t h e  symbol V t  o c c u r r i n g  
i n  E q s .  ( 111-16) ,   ( I I I -18 ) ,   and  i n   t h e  c a l c u l a t i o n  of M t  i n  
Eq. (111-19) fo r  t h e   p r e d i c t i o n  o f   t h e  t i l t - r o t o r   v o r t e x  n o i s e .  

O t h e r   n o i s e   s o u r c e s .  - I n   a d d i t i o n   t o   t h e   r o t o r   r o t a t i o n a l  
a n d   v o r t e x   n o i s e   s o u r c e s ,   o t h e r   s o u r c e s   t h a t  arise a r e   o f  a 
m e c h a n i c a l   o r   a e r o d y n a m i c   n a t u r e .   U n d e r   t h e   f i r s t ,   t h e  mechan- 
i c a l  n o i s e   s o u r c e s ,   f a l l  t h e  n o i s e s   e m i t t e d   b y   t h e   r o t o r   t r a n s -  
missions  and  gearboxes.  I n  a d d i t i o n ,   a n y   s t r u c t u r e   s u c h  as an 
a i r c r a f t   f u s e l a g e   p a n e l   a t t a c h e d   t o   t h e   r e c i p r o c a t i n g   o r   r o t a r y  
p a r t s  i s  s u b j e c t   t o   v i b r a t i o n  and t h e   r e s u l t  i s  f u r t h e r   a i r  
e x c i t a t i o n ,  as n o i s e ,  by t h e s e   v i b r a t i n g   p a r t s .   T h e s e  mechan- 
i c a l  n o i s e   s o u r c e s   r e c e i v e   c o n s i d e r a b l e   a t t e n t i o n  from t h e  
a c o u s t i c a l   e n g i n e e r   i n   t h e   f i n a l   a i r c r a f t   d e s i g n   s t a g e s   t o  
p r o v i d e  a u s e f u l   a i r c r a f t   i n t e r i o r   a c o u s t i c a l  crew environment.  
They are no t ,   however ,   o f   any   consequence   i n   t he   acous t i c  f a r -  
f i e l d   f r o m   t h e   a n n o y a n c e   o r   d e t e c t i o n   v i e w p o i n t .  I n  c e r t a i n  
r a r e   c a s e s ,  it may b e   t h a t   s u c h   s o u r c e s  necessitate t r e a t m e n t  
b e c a u s e   t h e   a c o u s t i c   n e a r - f i e l d   o f   t h e   a i r c r a f t  i s  p a r t  of t h e  
g r o u n d   o r   s e r v i c e  crew environment .  

O t h e r   a e r o d y n a m i c   n o i s e   s o u r c e s   f r o m   t h e   a i r c r a f t   c o n s i s t  
o f   boundary   l ayer   no ise   and   powerplan t   no ise .   Boundary   l ayer  
n o i s e  i s ,  a g a i n ,   a l m o s t   e x c l u s i v e l y  a problem  from t h e  view- 
p o i n t   o f   t h e   a c o u s t i c a l   i n t e r i o r   o f   t h e   a i r c r a f t   f u s e l a g e .  I t  
m o s t   c e r t a i n l y  does n o t   p r o p a g a t e   b e y o n d   t h e   a i r c r a f t   a c o u s t i c  
n e a r - f i e l d   d u e  t o  i t s  r e l a t i v e l y  l o w  energy  and  high  f requency 
d i s t r i b u t i o n .  O n  t h e   o t h e r   h a n d ,   t u r b o s h a f t   p o w e r p l a n t   n o i s e  
could  be a prohl.em i n  t h e   f a r - f i e l d ,   b u t  i s  g e n e r a l l y   n o t ,  
because   o f   the   fo l lowing:   exhaus t   no ise   caused  by t h e   s m a l l  
e n g i n e   e x h a u s t   v c l o c i t y  i s  n e g l i g i b l e   b e c a u s e   m o s t   o f   t h e   g a s  
energy h a s  a l ready  been  expended  in   the  conversion  f rom  thermo- 
dynamic  and k i n e t i c  t o   mechan ica l   ene rgy ,  so t h a t   w h a t  i s  
a v a i l a b l e   t o   p r o d u c e   n o i s e  i s  over-shadowed  by  the  dominant 
r o t o r   v o r t e x   t u r b u l e n t   n o i s e  i n  t h e   f a r   f i e l d .   I n l e t   n o i s e ,  
because   o f  i t s  pure   t one   con ten t ,   appea r s  on t h e   s u r f a c e ,   t o  
be a dominan t   no i se   sou rce ,   bu t  i s  s u b j e c t   t o   s e v e r a l  m i t i -  
g a t i n g   i n f l u e n c e s .  One i s  t h a t   h i g h   f r e q u e n c y   n o i s e  a t t en -  
u a t e s   r a p i d l y   w i t h   d i s t a n c e .  Also, t h e  s t a t e  o f   t h e   a r t   i n  
e n g i n e   i n l e t   n o i s e   c o n t r o l   h a s   a d v a n c e d   c o n s i d e r a b l y   w i t h i n   t h e  
p a s t   f i v e   y e a r s   t o  a point  where  from  15 t o  2 0  d e c i b e l s   o f  
no i se   r educ t ion   have   been   p roven   f eas ib l e  on  model  and f u l l -  
s c a l e   p o w e r p l a n t s .   I n   a d d i t i o n ,  t h e  t i l t - r o t o r   a i r c r a f t ' s  
commerc ia l   appl ica t ion  i s  s u c h   t h a t   d u r i n g   t h e   n o i s e   s e n s i t i v e  
a p p r o a c h   t o   l a n d i n g   a n d   t a k e o f f ,   t h e   a x i a l l y  and  forward 
o r i e n t e d   e n g i n e  i n l e t  n o i s e  i s  d i r e c t e d  up  and away from t h e  
g r o u n d .   T h e s e   f a c t o r s   p r i m a r i l y   a c c o u n t   f o r   t h e   r e l a t i v e  
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unimportance of p o w e r p l a n t   n o i s e   i n   t h e   f a r - f i e l d   a n d  i s  t h e  
r eason  it h a s   n o t   b e e n   i n c l u d e d   i n   t h e  Model  160 t i l t - r o t o r  
acous t ic   model .  

P ropaga t ion   o f  Sound 

F o r t u n a t e l y   f o r   t h e  a i r c r a f t  d e s i g n e r   a n d   b u i l d e r ,  
ope ra to r   and  u s e r ,  t he   sound   gene ra t ed   by   t he  a i r c r a f t  i s  
r a p i d l y   r e d u c e d   i n  several ways:  by s p a t i a l  and  a tmospheric  
e f f e c t s ,  and   absorp t ion   due  t o  v e g e t a t i o n .   S p a t i a l  effects  
are t h o s e   o f   d i r e c t i v i t y ,   a l r e a d y   d i s c u s s e d ,   a n d   s t r a i g h t -  
forward  dis tance  between  source  and  observer .   Atmospheric  
e f f e c t s   i n c l u d e   s u c h   t h i n g s  as c h a n g e s   i n   t h e   s p e e d   o f   s o u n d  
due to   t empera tu re ,   humid i ty ,   and   w ind .  Sound p ropaga t ion  i s  
a l s o   a f f e c t e d  by t h e   g e o m e t r y   o f   t h e   s u r r o u n d i n g   t e r r a i n :  
h i l l s  may p r o v i d e  a sound  shadow o r  re f lec t  sound,   perhaps 
e v e n . f o c u s  it: b u i l t - u p  areas i n  c i t i e s  may redirect the   sound  
many times, g i v i n g  it a r e v e r b e r a n t   q u a l i t y   w h i c h   c a n   h i d e  
t h e   o r i g i n a l   s u b j e c t i v e   c h a r a c t e r  oE t h e  sound.  These l a t t e r  
e f f e c t s  are ex t r eme ly   ha rd   t o   quan t i fy ,   and   l end   t hemse lves  
o n l y   o c c a s i o n a l l y   t o   r a y - t r a c i n g   s o l u t i o n s .  They  have not   been  
i n c l u d e d   i n   t h i s   t i l t - r o t o r   a n a l y t i c a l  model.  The  following 
e f fec ts ,  however ,   a re   inc luded:  

S p a t i a l   e f f e c t s   ( d i s t a n c e ) .  - I n  t h e  f a r   f i e l d ,   t h e   s o u n d  
o f   t h e   t i l t - r o t o r   a i r c r a f t  i s  assumed t o  d e c a y   u n i f o r m l y ,   a t  
a l l   f r e q u e n c i e s  and i n   a l l   d i r e c t i o n s ,  a t  t h e  ra te  of 6 d B  p e r  
d o u b l i n g   o f   d i s t a n c e ,   d u e   t o   s p h e r i c a l   s p r e a d i n g :  

A d B , =  -20 l o g  ( D / D r )  ( 1 1 1 - 2 2 )  

where D = d i s t a n c e   ( f e e t )   a t   w h i c h   t h e   p r e d i c t e d   n o i s e  i s  
sought;   and D r  = r e f e r e n c e   d i s t a n c e  ( fee t )  a t  which a n o i s e  
fo rmula   g ives  a c e r t a i n   n o i s e   l e v e l .  

A tmospher i c   e f f ec t s .  - I n   a d d i t i o n   t o   t h e   s p a t i a l  e f fec t  
shown above, a f requency-dependent   a t tenuat ion   of   sound  takes  
p l a c e   d u r i n g   s o u n d   p r o p a g a t i o n :   t h e   h i g h e r   t h e   f r e q u e n c y ,   t h e  
more r e l a t i v e   a t t e n u a t i o n   t a k e s   p l a c e .   A n a l y t i c a l l y ,   t h i s  i s  
expres sed  as f o l l o w s   ( r e f .  2 1 )  : 

Here, D and D r  are as d e f i n e d   f o r  Eq. ( 1 1 1 - 2 2 ) :  f i s  the   sound 
f r e q u e n c y   i n  Hz; and   t he   numer i ca l  fac tor  i s  d e r i v e d  from 
e x p e r i m e n t a l   o b s e r v a t i o n s  - being  (1 .55 x IOe6) f o r  sea-level, 
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s t a n d a r d   d a y   c o n d i t i o n s   ( f o r   o t h e r   c o n d i t i o n s ,  see ref. 2 1 ) .  

E q s .  ( 1 1 1 - 2 2 )  and  (111-23) are u s e d   t o   m o d i f y   t h e   r e s u l t s  
o f   t h e   n o i s e   p r e d i c t i o n   f o r m u l a e   t o   d e r i v e   t h e   n o i s e   l e v e l  
spectrum a t  any   d i s t ance .  A t  p r e s e n t ,   t h e   a n a l y t i c a l  model i s  
l i m i t e d   t o   t h o s e  two e f f e c t s ,   a l t h o u g h   t h e   e f f e c t s   o f   e x c e s s  
g r o u n d   a t t e n u a t i o n   d u e   t o   v e g e t a t i o n   o r   o t h e r   g r o u n d   c o v e r s  
c o u l d   b e   i n c o r p o r a t e d   i n  a f u t u r e   r e f i n e m e n t   o f   t h e   o v e r a l l  
model f o r   p u r p o s e s   o f   e v a l u a t i n g   d e t e c t i o n  times o r   d i s t a n c e s ,  
f o r  example ( r e f s .  2 2  and  23) .  

Sub jec t i -ve  Measures of Noise 

A sub jec t ive   measu re   o f  t h e  noise   produced by t h e  Model 
1 6 0  t i l t - r o t o r   h a s   b e e n   i n c o r p o r a t e d  i n  t h e   a n a l y t i c a l   p r o g r a m  
s o  t h a t  t h e   b e n e f i t s   o r   l a c k   t h e r e o f ,  of p a r t i c u l a r   n o i s e -  
s e n s i t i v e   f l i g h t   p r o f i l e s  may be   eva lua ted .  T h e  s u b j e c t i v e  
measure  chosen t o   d e s c r i b e   t h e   a c o u s t i c   p r o p e r t i e s   o f   t h e   a i r -  
c r a f t  i s  Perce ived   Moise   Level   ( re f .  2 4 ) .  I t  i n c o r p o r a t e s   t h e  
e f f e c t s  o f   no i se   ampl i tude   and   f r equency ,   an   obse rve r ' s  non- 
l i n e a r   h e a r i n g   r e s p o n s e ,  and t h e  concept  of  an  annoyance 
c r i t e r i a  i n  a s i n q l e  number r a t i n g  scheme as   determined  by 

where PNL = Perce ived   Noise   Level  i n  PNdB 
Nmax = Number of  noys i n  t he   no i s i e s t   1 /3 -oc tave   band  

E N  = Sum of t h e  noy v a l u e s   i n   a l l   b a n d s .  

The c o n s t a n t s   i n  E q .  ( 1 1 1 - 2 4 )  a s  w e l l  a s  t h e  noy v a l u e s  
fo r   each   t h i rd -oc tave   band  a t  any   g iven   sound  pressure   l eve l  
have   been   de t e rmi r , ed   expe r imen ta l ly   i n   sub jec t ive   r e sponse  
expe r imen t s   and   r e l a t ed   t o   ob jec t ive   acous t i c   measu res .   In  
o r d e r   t o   c a l c u l a t e   t h e   P e r c e i v e d   N o i s e   L e v e l ,  i t  i s  u s u a l l y  
n e c e s s a r y   t o  look up many of t h e  approximately 2500  d i f f e r e n t  
n o y   v a l u e s   f o r  any given  combinat ion of l e v e l  and   f r equency   i n  
a t a b l e .   I n   t h e   i n t e r e s t  of e f f i c i e n t   c o m p u t e r   s t o r a g e   u s a g e ,  
however, a mathemat ica l   approximat ion   of   the   noy   tab le   has   been  
a d o p t e d   i n   t h i s   t i l t - r o t o r   n o i s e   e v a l u a t i o n   p r o g r a m   a c c o r d i n g  
t o   t h e   p r o c e d u r e s  i n  r e f .  2 5 .  T h i s   c o n s i s t s   o f  a series of  
s t r a i g h t  l i n e s  r e l a t i n g   t h e   s o u n d   p r e s s u r e   l e v e l   a n d   t h e  noy 
va lues   o f  a 1/3-octave  bandwidth.  Use o f   t he   s lopes   o f   t hese  
l i n e s  and t h e i r   i n t e r c e p t   v a l u e s   g r e a t l y   s i m p l i f i e s   t h e  com- 
p u t a t i o n a l   p r o c e s s  and   i n t roduces   an   unce r t a in ty  of kO.5 PNdB. 

The l o w e s t   o n e - t h i r d   o c t a v e   ( f c  = 50  Hz)  f o r  which  experi-  
men ta l ly   de r ived  noy v a l u e s  are a v a i l a b l e   f a l l s   c o n s i d e r a b l y  
above   t he   f r equenc ie s  a t  which   the  maximum a i r c r a f t   r o t a t i o n a l  
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n o i s e  levels occur .  An e x t r a p o l a t i o n   h a s ,   t h e r e f o r e ,   b e e n   p e r -  
formed of t h e   s l o p e s   a n d   i n t e r c e p t   v a l u e s  of t h e   t h r e e   n e x t  
lower, 1/3 o c t a v e s  ( 4 0  Hz,  31.5 Hz and 25 H z )  t o  g i v e   t h e   p e r -  
c e i v e d   n o i s e   c a l c u l a t i o n  more r e l e v a n c y   i n  the t i l t - r o t o r   n o i s e  
e v a l u a t i o n .  

I t  is r e c o g n i z e d   t h a t   i n   a d d i t i o n  t o  t h e   f a c t o r s   i n c o r -  
p o r a t e d  i n  a n o i s e   e v a l u a t i o n  by t h e   p e r c e i v e d   n o i s e   l e v e l  
t e c h n i q u e ,   t h a t   a d d i t i o n a l  factors s u c h   a s   d u r a t i o n ,   f r e q u e n c y  
of occurance  of the no i se ,   background   no i se ,   and   t he   p re sence  
of p u r e   t o n e s  are n e c e s s a r y  to. more c o m p l e t e l y   d e s c r i b e   t h e  
t o t a l  annoyance  value  of a sound. Of t h e s e ,   t h e   e f f e c t s   o f  
s o u n d   d u r a t i o n   a r e  of p a r t i c u l a r   i n t e r e s t   i n   t h e   t i l t - r o t o r  
a i r c r a f t  case which, as any V/STOL a i r c r a f t ,  may a l te r  i t s  
f l i g h t   t r a j e c t o r y  w i t h  c o n s i d e r a b l y  more  freedom  than  f ixed- 
w i n g   a i r c r a f t .   T h e s e   c h a n g e s   i n  V/STOL f l i g h t   p r o f i l e s   c a n  
a c c o u n t   f o r   l a r g e  differences i n  t h e  l e n g t h s   o f  t i m e  d u r i n g  
w h i c h   t h e   a i r c r a f t  noise i s  causing  an  annoyance on t h e  ground. 
E f f e c t i v e  Perceived N o i s e   L e v e l ,   i n  EPNdB,  i s  used t o   p e n a l i z e  
fo r  e x c e s s i v e l y   l o n g   l o i t e r i n g   n e a r  t h e  g r o u n d ,   o r   v i c e   v e r s a ,  
g i v e   c r e d i t   t o  a fas t   ge t -away.   Hence ,  t h e  f o l l o w i n g   n o i s e  
l e v e l   d u r a t i o n   c o r r e c t i o n  i s  added t o  t h e  p e r c e i v e d   n o i s e   l e v e l  

APNdB = 10 log( t /15)   (111-25)  

I n  t h i s  e q u a t i o n ,  t i s  the   l eng th   o f  t i m e  i n  seconds 
d u r i n g   w h i c h   t h e   p e r c e i v e d   n o i s e   l e v e l   a t   t h e   o b s e r v e r   r e m a i n s  
w i t h i n  1 0  PNdB of i t s  maximum v a l u e .  The c o n s t a n t s  1 0  and 15 
i n  Eq. (111-25)   a re   based   on   bo th   subjec t ive   exper iments   and  
e x p e r i e n c e  w i t h  f i xed -wing   a i r c ra f t   annoyance .  The adequacy 
of   the  known effects  o f   d u r a t i o n  on annoyance was t h e  s u b j e c t  
of a NASA-sponsored p s y c h o a c o u s t i c   s t u d y   a t  The Boeing Company 
V e r t o l   D i v i s i o n .   T h i s   s t u d y  was  completed i n  May 1 9 7 1  (ref 2 6 ) .  

I V .  OPTIMIZATION TECHNIQUES 

T.he f i e l d   o f   o p t i m i z a t i o n   h a s  grown s i g n i f i c a n t l y   d u r i n g  
t h e  l as t  1 0  yea r s .   A l though   t he   bas i c   ma themat i ca l   t heo ry   has  
n o t   c h a n g e d ,   s e v e r a l   n u m e r i c a l   o p t i m i z a t i o n   a l g o r i t h m s   h a v e  
been   deve loped   wh ich   can   be   qu i t e   u se fu l   t o   t he   eng inee r .  A 
cursory   rev iew  of  some of these a l g o r i t h m s  i s  p r e s e n t e d   i n  
t h i s   s e c t i o n  of t h e   r e p o r t .  

I t  shou ld   be   emphas ized   t ha t   op t imiza t ion  i s  b e n e f i c i a l ,  
i n  a n   e n g i n e e r i n g   s e n s e ,  when it c o n t r i b u t e s  t o  t h e   s o l u t i o n  
of a well-posed  problem. I t  i s  a t o o l ,   l i k e   c a l c u l u s ,  t o  be  
used t o  b e t t e r   u n d e r s t a n d  and  model a p h y s i c a l   p r o c e s s .  I n  
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t h i s   r e p o r t ,   o p t i m i z a t i o n   t e c h n i q u e s  are used t o   l o c a t e   ( w i t h -  
i n   e n g i n e e r i n g   a c c u r a c y )   a n d   t o   e x p l o r e   t h e  optimum performance 
of t h e   t i l t - r o t o r   a i r c r a f t .  T i m e  and f u e l  t o  takeoff   and   land  
are t h e   p a r a m e t e r s   o f   i n t e r e s t .  

C l a s s i f i c a t i o n   o f   M e t h o d s  

There are two classes o f   op t imiza t ion   p rob lems   t ha t   con -  
s i s t e n t l y   a p p e a r   i n   a i r c r a f t   d e s i g n   a n d   p e r f o r m a n c e   e v a l u a -  
t i o n .  

The s i m p l e s t  class r e p r e s e n t s   t h o s e  cases where   the  
q u a n t i t y   t o   b e   o p t i m i z e d   c a n   b e   e x p r e s s e d   d i r e c t l y  as  a 
number  of   independent   var iables:  

J = J ( v l ,  ..., Vm ) 

The q u a n t i t y  J i s  c a l l e d  t h e  payof f   func t ion   wh i l e  i t s  argu- 
ments are  u s u a l l y   c a l l e d   p a r a m e t e r s   o r   c o n t r o l s .  

An  a d d i t i o n a l   s e t . o f   a l g e b r a i c   e q u a t i o n s   a n d   c o r r e s p o n d i n g  
v a r i a b l e s   o f t e n   e x i s t s   w h i c h   m a t h e m a t i c a l l y   d e s c r i b e s   t h e   p e r -  
formance   of   the   vehic le :  

(IV-1) 

) = O  

T h i s  set  of   equa t ions  i n  ( n  + m )  unknowns compr i se s   t he  
mathematical  model t o  be opt imized.  The new v a r i a b l e s  (x1, x2, 
xn)   a r e   imp l i c i t   p rob lem  va r i ab le s   wh ich   a r e   comple t e ly  
determined  by Eq. ( I V - 1 ) .  

I n   m o s t   p r a c t i c a l  cases,  some l i m i t a t i o n s   ( c o n s t r a i n t s )  
are a l s o  imposed  on t h e   p a r a m e t e r s   o r   o t h e r   p r o b l e m   v a r i a b l e s .  
A s  e a c h   a d d i t i o n a l   c o n s t r a i n t  i s  e n f o r c e d ,   t h e  number of  inde- 
pendent   parameters  ( m )  i s  cor respondingly   reduced .  

The t a sk   o f   op t imiza t ion   can  now be   de f ined  as t h a t  of 
s e l e c t i n g   t h e  V i  v a l u e s   ( s u b j e c t   t o   p o s s i b l e   c o n s t r a i n t s )   i n  
such a way t h a t  J t a k e s  on i t s  maximum o r  minimum va lue .  The 
name "pa rame te r   op t imiza t ion"  i s  a s s o c i a t e d   w i t h   t h i s  class of 
problems. 
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The second  class  of  optimization  problems  which  occurs 
frequently is usually  described  by a system  of  ordinary  differ- 
ential  equations: 

. . . 

The variables (x1, . . . , Xn)  are  called  state  variables 
because  they  describe  the  time  history  of  the  state of the 
process. The time  history  of  the  control  parameters (vl, ..., 
Vm),  simply  called  controls,  directly  influence  the  course  of 
the  process. The payoff  function 

tf 
J = f, (x1, . . . , x,, vl, . . . , vm) dt 

measures the desired  performance  of  the  system.  Because  the 
state  of  the  system  is  described by a set of differential 
equations,  initial and final  conditions  can  also be  specified. 
The object of the  optimization  procedure  is  to  find  the  control 
time  histories  which  maximize or  minimize  the  chosen  perform- 
ance  index.  Because  differential  equations  describe  the 
vehicle  performance,  the  numerical  procedures  used  to  find 
optimal  solutions are  called "dynamic  optimization  techniques." 

This latter  class of problems is considerably  more  diffi- 
cult to optimize. The necessary  conditions  for  extremals of 
this  system of differential  equations  are  also  of a differen- 
tial nature. In fact, in  the  most  general case, application  of 
optimization  theory  yields a system  of  second-order  differen- 
tial  equations  along  with m auxiliary  equations  which  must  be 
solved  simultaneously. At both  initial and  terminal times, n 
boundary  conditions  must  be  satisfied. The resulting  two- 
point  boundary  value  problem  has  received  much  attention  in 
recent  years.  Probably  its most noteworthy  feature is the 
degree to which a solution  of  this  boundary  value  problem is a 
function  of  the  process  being  optimized.  Optimal  space-flight 
trajectories,  optimal  blade design, and optimal  atmospheric 
trajectories of an  aircraft  all  may  require  different  optimiza- 
tion  algorithms  for  an  efficient  solution.  These  algorithms 
are not trivially  different--some  work  and  some  just will not 
work  on a particular  problem. 
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On the   o the r   hand ,   pa rame te r   op t imiza t ion   p rob lems  are 
r e l a t i v e l y   s t r a i g h t f o r w a r d .  Many b a s i c   a l g o r i t h m s   e x i s t   w h i c h  
can be set u p   e a s i l y  on a d i g i t a l   c o m p u t e r .  Some t echn iques  
are more s u i t e d  t o  p a r t i c u l a r  classes of   p roblems  than   o thers .  
However, because   each   pa rame te r   op t imiza t ion   t echn ique  i s  rela- 
t i v e l y   e a s y  t o  p e r f o r m ,   r a p i d   e v a l u a t i o n s   o f  many parameter  
v a r i a t i o n s  are p o s s i b l e .  

I n   t h i s   r e p o r t ,   u s e  i s  made of a pa rame te r   op t imiza t ion  
p rogram  ca l l ed  AESOP (Automated   Engineer ing   Sc ien t i f ic   Opt imi-  
za t ion   P rogram) .   A l though   t he   gove rn ing   equa t ions  are  d i f f e r -  
e n t i a l ,   t h e   c o n t r o l  t i m e  h i s t o r y   h a s   b e e n   p a r a m e t e r i z e d .  
Be fo re   d i scuss ing  how t h i s  was accomplished,  a brief d e s c r i p -  
t i o n   o f  AESOP is  i n   o r d e r .  

AESOP (Automated   Engineer inq   Sc ien t i f ic   Opt imiza t ion   Program)  

AESOP w a s  developed  by The  Boeing Company under a NASA- 
s p o n s o r e d   c o n t r a c t   ( r e f .  2 7 ) .  One of t he   p r imary   pu rposes   o f  
AESOP i s  t o   g i v e   t h e   u n i n i t i a t e d   e n g i n e e r   e a s y  access t o  a 
va r i e ty   o f   op t imiza t ion   t echn iques .   On ly  a minimal  amount  of 
computer  programming i s  r e q u i r e d .  A t o t a l   o f   n i n e   d i f f e r e n t  
p a r a m e t r i c   o p t i m i z a t i o n   a l g o r i t h m s   a r e   i n c l u d e d   i n   t h e  AESOP 
package   (F igure  IV-1). A c o m p l e t e   d e s c r i p t i o n  of each   para-  
metric s e a r c h   t e c h n i q u e  i s  g i v e n   i n   r e f s .  2 7  and  28. 

The a lgeb ra i c   equa t ions   mak ing  up t h e  mathematical   model 
whose  payoff   funct ion i s  be ing   op t imized   a r e   so lved  as an 
e n t i t y   w i t h o u t   b e i n g   a n   i n t e g r a l   p a r t  of AESOP's p r o c e s s e s .  
AESOP c h a n g e s   t h e   c o n t r o l   p a r a m e t e r s   i n  a manner d i c t a t e d  by 
t h e   p a r t i c u l a r   s e a r c h   t e c h n i q u e   u s e d .   T h e n ,   f r o m   r e s u l t i n g  
changes   in   the   per formance   of   the   model ,  AESOP d e t e r m i n e s   t h e  
c o m b i n a t i o n   o f   c o n t r o l   p a r a m e t e r s   t h a t   r e s u l t   i n  optimum per-  
formance. A schematic diagram  of   the  system  descr ibed  above 
i s  shown i n   F i g u r e  I V - 2 .  

C o n s t r a i n t s   c a n   b e   a p p l i e d   t o   t h e   o p t i m i z a t i o n   b y  two 
techniques:  one  method i s  t o   i n c o r p o r a t e   t h e   c o n s t r a i n t s  as 
pa r t   o f   t he   mode l ,   and  t h e  o t h e r  i s  t o   e n f o r c e   t h e   c o n s t r a i n t s  
u s ing  A E S O P ' s  p e n a l t y   f u n c t i o n   a p p r o a c h   ( d e s c r i b e d   i n   r e f .  2 7 ) .  
Any combinat ion of A E S O P ' s  n ine   s ea rch   p rocedures  may be  
c a l l e d  upon t o   l o c a t e   t h e  extremum  of the  chosen  problem. 
Access t o  a v a r i e t y   o f   p a r a m e t r i c   o p t i m i z a t i o n   s e a r c h e s ,   t h e  
a b i l i t y   t o   e a s i l y   c h a n g e  from  one  combination of s e a r c h e s   t o  
a n o t h e r ,   a n d   t h e   a v a i l a b i l i t y   o f   t h e  AESOP p rogram  a re   t he  
r e a s o n s   f o r  AESOP b e i n g   a p p l i e d   t o   t h e   t i l t - r o t o r   t r a j e c t o r y  
problem. 

I t  was p r e v i o u s l y  shown i n   S e c t i o n  I1 t h a t   t h e   e v a l u a t i o n  
of t i l t - r o t o r   p e r f o r m a n c e  i s ,  by i t s e l f ,  a r a t h e r   d i f f i c u l t  

56 



BASIC SEARCH  ALGORITHMS 
CONTAINED I N  PROGRAM A E S O P  

1. 

2 .  

3 .  

4 .  

5. 

6. 

7. 

8 .  

9. 

Sect ioning  - Succession  of  one-dimensional  optimization 
c a l c u l a t i o n s  p a r a l l e l  t o  coordinate   axes .   Variables  may 
be per turbed i n  random or n a t u r a l  order. 

P a t t e r n  - A Ray S e a r c h   i n   t h e  gross d i r e c t i o n   d e f i n e d  by 
a previous  search or search  combination. 

Magnification - Straightforward  magnif icat ion or diminu- 
t i o n   a b o u t   t h e   o r i g i n .  

Steepest   Descent - Search  a long  the  weighted  gradient-  
d i r e c t i o n .  Several weight ing  opt ions  avai lable .  

Adaptive  Creepinq - Search   in  small  incremental  steps 
p a r a l l e l  t o  the   coord ina te   axes .   S tep-s ize   ad jus ted  
au tomat i ca l ly   i n   t he   a lgo r i thm.  Variables may be per- 
t u r b e d   i n  random o r '  n a t u r a l   o r d e r .  

Quadra t i c  - Second-order  multivariable  curve f i t  t o  t h e  
func t ion   be ing   op t imized ,   fo l lowed  by   search   in   d i rec t ion  
of  second-order  surface optimum. 

Davidoil's Method - An at tempt  t o  achieve  the  advantages of 
second-order  search  from  an ordered succession of f i r s t -  
o rder   ( s teepes t -descent )   searches .  

Random Po in t  - Function t o  be optimized i s  eva lua ted  a t  a 
se t  of   uniformly  dis t r ibuted random p o i n t s   i n  a s p e c i f i e d  
region. 

Random  Ray Search - Function is optimized by search   a long  
a sequence of random rays  having a uni formly   d i s t r ibu ted  
angu la r   o r i en ta t ion   i n   t he   mu l t iva r i ab le   pa rame te r  space. 

Figure IV- 1 
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task. Iteration  techniques are  required  which may,  or may not, 
converge  depending  upon  the chosen  flight  condition. 

Using  parametric  techniques to optimize  tilt-rotor  per- 
formance  results  in  the  evaluation of model  performance  and 
the  determination  of the optimum  performance or payoff  being 
treated  as  two  separate  problems. This enables  the  physical 
implications  of  each  improvement  in  the  optimization  process 
to  be  more  visible  to  the  engineer. 

Parametric  Functional  Expansion 

The tilt-rotor  kinematic  performance  model  is  composed  of 
algebraic  equations  which  describe  the  point  performance of the 
aircraft  and  differential  equations  which  relate  the  wind  axis 
system  of  the  aircraft  to a fixed  ground-based  axis  system. 
The problem  of  locating  the  minimum  time  and  fuel  trajectories 
is, by  definition, a "dynamic  optimization"  problem. However, 
by a judicious  choice  of  the  form  of  the  independent  control 
time  histories,  the  problem  may be solved  by  parameter  optimi- 
zation  techniques. 

The mathematical  model  which  was  developed  in  Section I1 
describes  tilt-rotor  performance  if  two  independent  control 
time  histories  are assumed. The applied  power  fraction  nc(t) 
and the  nondimensional  horizontal  velocity u(t)  are  the chosen 
controls. To parameterize  the  problem,  the  control  time  his- 
tories  are  expanded  in an orthogonal  series. The following 
Fourier  series  were  chosen  for  convenience. 

nc(t) = n o  + n l  sin(2.rr ant+ c,,) + .. . + n s  sin(s2-m c n )  
( 177-2 ) 

- u(t) = ii,, + i i l  sin(2.rr wut + cu) + . . . + Up sin ( p 2 ~  + cu) 
(IV-3) 

The coefficients  of  this  functional  expansion  are  the 
parameters of the  optimization  problem. The resulting 6 + s + 
p parameters  are  chosen  to  optimize  tilt-rotor  performance and, 
at  the  same  time,  satisfy  necessary  equality  and  inequality 
constraints. The number of  terms  needed  in  each  control  expan- 
sion  is  entirely  problem  dependent.  When  additional  parameters 
do little to improve  system  performance,  the  corresponding 
terms  can be omitted  from  the  series. 
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I n  any rea l i s t ic  per formance   problem,   cons t ra in ts   upon 
a l l o w a b l e   p a r a m e t e r   v a r i a t i o n s   e x i s t .   T h e s e   c o n s t r a i n t s   c a n  
be e n f o r c e d   i n  t w o  a l t e r n a t e  ways: t h e   c o n t r o l  time h i s t o r y  
may be p r o h i b i t e d   f r o m   e n t e r i n g   r e s t r i c t e d   r e g i o n s   o r  a 
p e n a l t y  may b e   a t t a c h e d  t o  the   pe r fo rmance   i ndex   fo r  a viola-  
t i o n  of t h e s e   r e s t r i c t i o n s .  I n  t h i s   a n a l y s i s ,   p a r a m e t e r  varia- 
t i o n s  w h i c h   v i o l a t e d   t h e   s t a t e d   r e s t r i c t i o n s  were no t   a l l owed .  
L i m i t s  were p l a c e d   o n   t h e   v e r t i c a l   a n d   h o r i z o n t a l   a c c e l e r a t i o n s  
and  applied  power.  If t h e   c o n t r o l  a t  a p a r t i c u l a r   i n s t a n t   i n  
time e x c e e d e d   t h e   c o n s t r a i n t ,   t h e   v a l u e   o f   t h e   c o n s t r a i n t   f u n c -  
t i o n  w a s  used as t h e   c o n t r o l   i n p u t .  The a l l o w a b l e   c o n t r o l  
space  w a s ,  t he re fo re ,   bounded  by t h e   i n e q u a l i t y   c o n s t r a i n t s  of 
t h e   c o n t r o l   v a r i a b l e s .  

The i n i t i a l  boundary   cond i t ions   on   t he   ve r t i ca l   and   ho r i -  
z o n t a l   v e l o c i t i e s   o f  t h e  takeoff  problem  and t h e  te rmina l   con-  
d i t i o n s  on t h e   v e l o c i t i e s   o f   t h e   l a n d i n g   c a s e *  were s p e c i f i e d  
b y   a d j u s t i n g   t h e   p a r a m e t e r s  n o  and KO. 

These   parameters  were n o   l o n g e r   a v a i l a b l e   f o r   o p t i m i z a -  
t i o n .  AESOP w a s  a p p l i e d   t o   t h e   r e s u l t i n g  4 + s + p parameter  
o p t i m i z a t i o n   p r o b l e m .   I n   t h e   l a n d i n g   p r o b l e m ,   a d d i t i o n a l  
b o u n d a r y   c o n d i t i o n s   w h i c h   s p e c i f y   t h e   i n i t i a l   v e l o c i t i e s  were 
en fo rced  by using s t a n d a r d i z e d   p e n a l t y   f u n c t i o n   t e c h n i q u e s  
( r e f .  2 7 ) .  

There i s  ve ry  little t h e o r e t i c a l   j u s t i f i c a t i o n   f o r   t h e  
appa ren t   success  of t h e  func t iona l   expans ion   approach .  I t  i s ,  
m a t h e m a t i c a l l y   s p e a k i n g ,   n o t  a t  a l l  r i g o r o u s .  However, t h e r e  
have  been  examples where t h i s  same type  of   approach  has  
achieved some degree   o f   success  ( re fs .  2 8  and 2 9 ) .  I t  i s  u s u a l l y  
p o s s i b l e   f o r  t h e  engineer   working  t h e  problem to   choose ,   f rom 
h i s   expe r i ence ,   t he   fo rm  o f   t he   o r thogona l   expans ion   wh ich   mos t  
e a s i l y   o p t i m i z e s   t h e   p r o b l e m .   T h e r e f o r e ,   t h e   p a r a m e t r i c   o p t i -  
miza t ion   problem  inc ludes  a c e r t a i n   d e g r e e   o f   e n g i n e e r i n g   j u d g -  
men t .  The opt imiza t ion   methods  are  t h e n   u s e d   t o   r e f i n e   t h e  
e n g i n e e r i n g   g u e s s   a t   t h e  optimum s o l u t i o n .  

V. RESULTS AND D I S C U S S I O N  

Genera l   Resu l t s  

Before a d e t a i l e d   a n a l y s i s   o f   e a c h   t i l t - r o t o r   t r a j e c t o r y  
which  has been   explored  i s  p r e s e n t e d ,  it is  i n s t r u c t i v e   t o  re- 
view some o f   t h e   m o r e   g e n e r a l   r e s u l t s  o f   t h i s   i n v e s t i g a t i o n .  

*Time was run   backwards ;   t hus   a l lowing   t he   t e rmina l   cond i t ions  
o r   v e l o c i t y   t o  become i n i t i a l   c o n d i t i o n s   o f   t h i s  new problem. 
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Several  different  possible  takeoff and  landing  trajectories 
are  compared  and  evaluated  in  terms  of the time  of flight, the 
fuel  consumed, and  the noise  heard at specific  locations  on 
the  ground  plane. The degree  of  success  in  applying  parameter- 
ized  optimal  control  techniques to this  class  of  problems is 
also  discussed. 

Takeoff and  Climb. - For convenience,  the  optimization 
problem  of  determining  how to climb  to  cruise  altitude  (10 000 
feet) to minimize time, fuel, or  noise  exposure  has  been 
divided  into  two  distinct  flight  segments. The first  segment 
is  arbitrarily  chosen to begin at sea level  with  the  aircraft 
in  the  helicoper  configuration  and  terminates when the  tilt- 
rotor  attains  an  altitude  of 3000 feet. The second  flight  path 
segment  begins  at 3000 feet  with  initial  conditions  which  are 
the  terminal  conditions  of  the  first  segment.  Steady  cruising 
flight  at 10 000 feet  are  the  terminal  conditions  of  the  second 
segment. 

In  the  first  takeoff segment, optimizstion  theory  is a 
useful  tool  which was used  in  the  exploration  of  minimum  time 
and fuel  trajectories. By  the  time  the  3000-foot  altitude  is 
attained, maximum  steady-state  tilt-rotor  performance  is 
realized. Therefore, the  second  segment of the  optimized  tra- 
jectory  is  flown  at  those  conditions  which  optimize  conven- 
tional  steady-state  tilt-rotor  performance. It can  be  shown 
that  minimum  time  and  fuel  trajectories  are  achieved  when  the 
tilt  rotor  climbs  in  the  aircraft  mode  at  the  best  rate  of 
climb  speed  with  maximum  available  power.  Although  these  con- 
ditions  do  vary  slightly  with  altitude,  the  results  are 
generally known and  are  not  in  themselves a significant  research 
topic.  Furthermore,  the  noise  produced by a tilt-rotor  aircraft 
flying  in  the  airplane  mode  above 3000  feet  is not of  primary 
concern  in  commercial  applications.  For  these  reasons,  this 
report  has  concentrated  on  determining  optimum  takeoff  perform- 
ance  for  the  first  flight  path  segment  only. 

The time,  fuel  consumed, and  effective  perceived  noise 
level  of  four  distinct  trajectories  which  begin  at  sea  level 
and  terminate at an  altitude  of 3000 feet  are listed in  Table 
v-1. 

The trajectory  which  minimizes  the  time  to  climb  to 3000 
feet is performed  in  the  following  manner:  the  tilt-rotor 
accelerates  at  the  maximum  vertical and horizontal  accelera- 
tion  limits  in  the  helicopter  configuration  until  the  maximum 
rate  of  climb  limit is attained. At this  point,  the  rate  of 
climb  is  held  at  its  maximum  value  as  maximum  horizontal 
acceleration  is  also  maintained. As forward  speed  increases, 
the  tilt-rotor  makes  the  conversion  to  the  airplane  mode of 
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(Max R/C Power  Used/ 
Max Power Avai l )  = 1. 75.4 54.2 

~ ( 1 1  11 II ' I )  = 0.8 84.0 71 .7  

Ver t ica l  Climb* 

H o r i z .   F l i g h t *  
143.9 1 0 6 . 0  Vert ical  Climb c 

87.2 6 2 . 8  

I I 
*Suggested  Noise  Abatement   Prof i les  

I I 

EFFECTIVE PERCEIVED 
N O I S E  LEVEL - EPNdB 

DISTANCE  FROM  TAKEOFF 

400 F t  

1 1 2 . 6  

113.5 

1 0 6 . 1  

1 0 6 . 1  

7 1600 F t  6400 F t  

1 0 1 . 2  

7 7 . 2  92.8 

6 9 . 2  91.8 

78.8 103.2 

7 6 . 4  

Table  V - 1  

f l i g h t .  The a i r c r a f t   c o n t i n u e s   t o  accelerate h o r i z o n t a l l y  
u n t i l   t h e  maximum r a t e  of   c l imb  speed i s  a t t a i n e d .  The tilt- 
r o t o r   c o n t i n u e s   t o   f l y  a t  t h e   b e s t  r a t e  o f   c l i m b   s p e e d   u n t i l  
3000 f e e t   a l t i t u d e .  

I n  Appendix D ,  minimum time and f u e l   t r a j e c t o r i e s  were 
proven t o   b e  synonymous.  Nevertheless,  a s e c o n d   t r a j e c t o r y  i s  
considered  which i s  f u r t h e r   c o n s t r a i n e d   t o  80 p e r c e n t   o f   t h e  
maximum power a v a i l a b l e .  The r e s u l t i n g  minimum t i m e  o f   f l i g h t  
p a t h   h a s  a similar c h a r a c t e r   b u t   r e s u l t s   i n   i n c r e a s e d  time, 
fue l   expended ,  and no i se   exposure .  

The l a s t  two t r a j e c t o r i e s   l i s t e d   i n   T a b l e  V - 1  are proposed 
" n o i s e   a b a t e m e n t "   p r o f i l e s .  No o n e   m e a s u r e   o f   t o t a l   n o i s e  
exposure w a s  f e l t   t o   b e   s u f f i c i e n t l y  w e l l  d e f i n e d   t o  be mini- 
mized .   In s t ead ,   two   t r a j ec to r i e s   wh ich   have   been   sugges t ed  by 
many r e s e a r c h e r s   t o   r e d u c e   t h e   g r o u n d  area exposed t o   e x c e s s i v e  
n o i s e  were flown. A s i m p l e   v e r t i c a l   c l i m b   a t   t h e   t i l t - r o t o r ' s  
performance limits i n   t h e   h e l i c o p t e r  mode i s  t h e   f i r s t  o f   t hese  
t r a j e c t o r i e s .  The h e l i c o p t e r   c o n f i g u r a t i o n  i s  maintained 
throughout   the   maneuver .  An i n i t i a l  maximum v e r t i c a l  accelera- 
t i o n  i s  f o l l o w e d   b y   s t e a d y   v e r t i c a l   a c c e l e r a t i o n  a t  f u l l  power' 
a v a i l a b l e   t o  3000 f e e t   a l t i t u d e .  The r e s u l t i n g  time, f u e l  and 
e f f e c t i v e   p e r c e i v e d   n o i s e   l e v e l   a r e   g i v e n   i n   T a b l e  V - 1 .  

The second  proposed  ' 'noise   abatement"   prof i le   which i s  
c o n s i d e r e d   i n   t h i s   s t u d y  i s  ve ry  similar i n   c o n c e p t   t o   t h e  
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first. A vertical  takeoff is commenced  at  the  tilt-rotor's 
maximum  vertical  acceleration limit.  Maximum  rate of climb 
is then  maintained  in  the  helicopter  configuration. At an 
altitude  of 2750 feet, maximum  horizontal  acceleration  is 
begun. As forward  velocity  increases, the applied  power is 
reduced  to  maintain  level  flight  at 3000 feet. The tilt-rotor 
also  commences  transition  and  finally  attains  the  horizontal 
velocity  where  the  best  rate  of  climb  occurs. This horizontal 
velocity is maintained  until  the  horizontal  distance  of  the 
minimum  time  climb  trajectory is achieved. The terminal  con- 
ditions of  this  trajectory  are  identical to the  terminal  con- 
ditions  of  the  minimum  time  (fuel)  trajectory. This fact 
allows  meaningful  comparisons  between  the  two  trajectories to 
be  made. 

Some very general  conclusions  can  be  drawn  from  Table 
V-1  for  tilt-rotor  aircraft  operating  procedures. The total 
fuel  consumed  in  all  of  the  maneuvers  is  relatively  small 
because  of  the  low  disc  loading  rotors and  is  probably not a 
primary  operational  consideration.  However,  the  time  to  attain 
3000 feet  does  vary  significantly  according  to  pilot  technique. 
Because  this  time  can be thought of as  ''exposure time"  in a 
military sense, it  is desirable  to  have  it  minimized. 

Commercially,  the  quietest  flight  path  is  seen  to be  the 
pure  vertical  climb. The second  noise  abatement  profile  which 
can  be  directly  compared  with  the  maximum  performance  trajec- 
tory  also  shows  significant (up to 7 EPNdB)  noise  reductions 
at  the  ground  positions  close  to  the  takeoff  point.  However, 
the  time  and  fuel  expended  to  achieve  these  end  conditions  is 
almost  doubled. 

Because  the  actual  quantity  of  fuel is small,  this is 
probably a secondary  performance  consideration.  Notice  also 
that  applying less than  full  power  actually  increases  the EPNL 
at  two  measuring  locations  for  an  aircraft  of a given  gross 
weight. The inference is that  more  installed  power  will 
increase  performance  and  reduce  the  measured  ground  noise. 

Descent and  Landing. - In  Appendix D, a discussion  of 
the  relation  between  minimum  time and  minimum fuel  landing 
trajectories was presented. It was  indicated  that  they  are 
synonymous  if  the  initial  conditions  of  velocity and  altitude 
are  specified  but  the  initial  horizontal  distance  is  left 
unspecified. The remainder  of  this  chapter  only  considers 
solutions  to  this  somewhat  restricted  problem  formulation. 

One additional  comment,  concerning  those  optimal  problem 
formulations  which  arise  when  the  initial  velocity,  altitude, 
and  horizontal  distance  are  all  specified, is in order. In 
this case, the  trajectory  which  minimizes  time  may  not  be 
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identical to the  trajectory  which  minimized  fuel.  Further- 
more, it can  be  shown  that  because  of  the  additional  initial 
condition on horizontal  distance,  the  resultant  fuel  consumed 
and time  expended  always  equals or exceeds  the  case  with  the 
unspecified  initial  horizontal  distance.  Although  this  further 
constrained  optimization  problem  is  interesting,  the  added 
complexity  of  introducing  a  new  independent  parameter  is  be- 
yond  the  scope  of  this  present  effort. 

The trajectory  which  minimizes  time and fuel  in  descent 
and  landing can  be  qualitatively  described  as  the  trajectory 
which  maximizes  the  aircraft's  rate  of  sink  for  the  longest 
period  of  time. The resulting  optimal  trajectory  consists  of 
the  following  operational  segments:  descent  is  begun  in  the 
airplane  configuration  at  10  000  feet  in  a  high-speed  dive at 
the  aircraft's  structural  limit. The applied  power  is  main- 
tained  at  the  minimum  level  necessary  to  control  the  aircraft 
throughout  the  entire  descent  in  equilibrium  flight. The rate 
of descent  in  this  configuration  is  initially  about 80 feet 
per  second  and  decreases  slightly  with  altitude.  At  about  an 
altitude of 2000 feet,  the  tilt-rotor  is  decelerated  horizon- 
tally  at  its  maximum  rate. As the  vehicle's  horizontal  velo- 
city decreases,  the  tilt-rotor  makes  the  transition  from  the 
airplane  to  the  helicopter  mode  of  flight. Just before  touch- 
down,  the  vertical  sinking  rate  is  decreased by  applying 
power. Touchdown  occurs  at  a  rate  of  sink of 8 fps  at  zero 
forward  velocity. 

If, in  addition  to  the  initial  altitude,  the  initial 
horizontal  and  vertical  velocities  are  specified,  the  optimal 
trajectory  only  appears  to  change. The tilt-rotor  then  quickly 
attains  those  conditions  which  maximize  the  integral of the 
aircraft's  rate  of  sink  with  respect  to  time.  For  all  initial 
velocities  in  the  airplane  mode  of  flight  at  the 10 000-foot 
altitude  level,  the  previously  described  maximum  rate  of  sink 
trajectory  is  closely  approximated.  However,  at  small  initial 
altitudes (i.e., less  than 5000 feet) it may not be  the  most 
efficient  procedure  to  accelerate  to  the  horizontal  velocity 
where  the  vehicle's  maximum  sink  rate  is  attainable  and  then 
have to decelerate  again  to  slower  horizontal  speeds. Too 
much  time  is  spent  in  the  connecting  regions  where  only  rela- 
tively  small  steady  state  sink  rates  are  possible.  A  more 
efficient  control  policy  would  maintain  steady  flight  in  the 
high-speed  helicopter  configuration  where  fairly  high  sink 
rates  can  be  maintained  for  long  periods  of  time. A qualita- 
tive  discussion of these  tradeoffs is presented  in  Appendix D. 

In most  practical  cases of interest,  high-speed  dives 
near  the  ground  at  the  aircraft's  structural  limit  are to be 
avoided.  Flying  this  type  of  optimal  trajectory  requires  a 
great  deal of pilot  skill and  judgment. Small  errors in the 
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estimation  of  tilt-rotor  performance  boundaries at high  speed 
would be fatal. Therefore,  the  additional  constraint  that  the 
tilt-rotor's total  velocity  not be excessive  upon  nearing  the 
ground  is  enforced. This constraint  prohibits  high-speed 
diving  flight in the  airplane  configuration  below  the  3000-foot 
altitude.  Although  the  time  and  fuel  required  to  land  are 
higher,  the  proposed  constrained  optimal  trajectory  is  opera- 
tionally  more  realistic. 

This modified  optimization  problem  may be conveniently 
broken  into  two  distinct  operational  segments. The first 
segment begins  at 10 000 feet and is  arbitrarily  chosen to end 
at an  altitude of 3000 feet.  An  additional  constraint  upon 
the  total  velocity  of  the  aircraft  at  the  terminal  conditions 
of  this  first  segment is also  enforced. The tilt-rotor's 
terminal  horizontal  velocity  is  chosen  to be equal  to  the 
velocity  where  the  best  rate  of  sink  in  the  helicopter  con- 
figuration  occurs.  The  trajectory  which  optimizes  this  first 
segment is one  which  begins  in  a  high-speed  steady-state 
descent  at  the  tilt-rotor's  design limit.  After  maintaining 
this  maximum  descent  rate  as  long  as  possible,  the  aircraft  is 
decelerated  at  its  limit and converts  to  the  helicopter  con- 
figuration to meet  the  specified  condition  on  horizontal  velo- 
city at an  altitude  of 3000 feet. 

The second  flight  path  segment  begins  at 3000 feet  in  the 
helicopter  configuration. The resulting  maximum  rate  of  sink 
is  maintained  as  long  as  possible.  However,  to  meet  the  ter- 
minal  conditions  of  zero  horizontal  velocity and  an 8 fps  rate 
of  sink  at  sea  level,  maximum  horizontal and vertical  decele- 
rations  are  necessary  at  the end of the  maneuver. 

The time and fuel  consumed  for  both  the  optimal  and 
restricted  optimal  problem  formulations  are  given  in  Table 
V-2. Relatively  small  increases  in  time and fuel  required  to 
descend  from  10 000 feet  are  registered  if  the  restricted 
optimal  flight  path is  followed.  This  results  because  the 
large  equivalent  flat  plate  area of the  helicopter  configura- 
tion  causes  sink  rates  which  are  almost  as  large  as  diving 
airplane  flight. 

Similar to takeoff,  noise  is  only  a  problem  to  the  landing 
area  during  the  last 3000 feet of vertical  descent.  Above  that 
altitude,  the  additional  effective  perceived  noise  level  gene- 
rated  amounts  to  about  one  additional  EPNdB.  For  this  reason, 
the  tradeoffs in  noise  and  performance  during  descent  and 
landing  have  only  been  evaluated  during  this  last  (second) 
segment of  flight. Table V-3 compares  five  possible  flight 
profiles and  their  resulting  noise. 
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TIME FUEL 
- ~ 

OPTIMAL 54.2 lbs. 161.8 sec. 
" 

RESTRICTED  OPTIMAL 58.7  lbs. 168.4 sec. 
.~ - "" ______~. ___~ - 

TABLE V-2 

High-speed  Dive 

H i g h - s p e e d   H e l i c o p t e r  
Descent  

Pure V e r t i c a l  
Descent*  

L e v e l   F l i g h t  followed 
by Pure  Ver t ica l  
Descent* 

A Nonoptimum Noise  
Performance D e s c e n t  
P a t h *  

*Sugges ted  Noise Abate 

TIME 
SEC. 

74.0 

6 4 . 4  

52.9 

99.0 

67.7 

- 
2 n t  Pro 

FUEL 
LBS . 
21.5 

26:O 

36.3 

60.0 

27.1 

.1 es 
I I I 

TABLE V-3 

EFFECTIVE  PERCEIVED 
N0IS.E LEVEL, - EPNdB 

DISTANCE FROM LANDING 

400  Ft 

117.4 

116.0 

107.0 

107.1 

109.7 

1600 Ft 

108.4 

107.5 

93..3 

94.4 

103.6 

6 4 0 0  Ft 

75.. 4 

77.2 

78.,0 

79.2 

ao.2 

A comparison  of  the  nature and resulting  performance  of 
the  optimal  (high-speed  dive) and restricted  optimal (h igh-  
speed  helicopter  descent)  from  an  altitude of 10 000 feet has 
been  presented.  Table  V-3  compares  the  noise and performance 
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variables  of  these  same  two  trajectories  from  an  altitude  of 
3000 feet. It can  be  seen  from  this  table  that  descents  from 
this  specified  altitude  can be made  more  quickly in the  heli- 
copter  configuration.  Less  time is spent  in  regions  connecting 
high  rate of  sink  conditions  resulting in an  overall  improve- 
ment  Gf  descent  performance. 

The fuel  consumed  during  the  restricted  optimal  descent 
(high-speed  helicopter  descent) is greater  than  the  fuel  con- 
sumed in the  high-speed  diving  trajectory. This is a  result 
of  the  larger  power  required  during  high-speed  helicopter 
descent. In descent,  the  Model 160's fuel  consumption  is  more 
sensitive to  power  required  than  tc  elapsed  time. 

The noise  produced  by  flying  either  of  these  two  trajec- 
tories is almost  indistinguishable.  Some  slight  reductions  of 
EPNdB  are  noted by flying  a  helicopter  descent  at  the 400 and 
1600-foot  ground  locations  because  of  the  vehicle's  higher 
position  above  the  ground.  However,  at  the  6400-foot  ground 
location,  a  high-speed  descent in the  aircraft  mode is quieter 
because of the  smaller  required  thrust  levels and favorable 
directivity  effects. 

Three  trajectories  which  help  reduce  the  noise  level  which 
is  measured on the  ground  are  also  listed  in  Table V-3. Maxi- 
mum  vertical  rates  of  sink  in  the  helicopter  configuration  at 
zero  forward  velocity  is  the  first  noise  abatement  profile 
considered.  Increases  in  power  above  that  required  to  control 
the  aircraft  are  necessary  near  the  terminal  time to sustain 
the  maximum  vertical  deceleration  necessary  to  meet  the  condi- 
tion  on  the  tilt-rotor's  terminal  rate  of  sink.  Significant 
reductions  in  EPNdB  are  realized  at  all  three  noise  measuring 
locations. 

A comparison  between  the  performance  of  the  "pure  vertical 
descent"  trajectory  from 3000 feet  and  the  maximum  performance 
trajectories  from  that  same  altitude  is  not  really  fair.  Sig- 
nificant  time  must  be  spend  converting  to  the  helicopter  con- 
figuration  at  zero  horizontal  velocity  before  the  3000-foot 
altitude  level  is  achieved. The associated  lower  sink  rates 
in  the  connecting  regions  at  these  higher  altitudes  increase 
the  time  to  descend  and  the  fuel  consumed  during  the  descent 
trajectory.  Nevertheless,  performance  and  acoustical  char- 
acteristics  of  this  pure  vertical  descent  segment  are  inter- 
esting by  themselves. 

The second  noise  abatement  profile  which  is  listed  in 
Table V-3 can  be  directly  compared  with  the  high-speed  heli- 
copter  descent  case. The initial  altitude and horizontal  dis- 
tances  are  identical.  The  initial  horizontal  velocity  is 
chosen to be equal to the  velocity  corresponding  to  the  best 
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l i f t - t o - d r a g  r a t i o  o f   t h e   t i l t - r o t o r   i n   t h e   a i r p l a n e  mode of  
f l i g h t .   T h i s   c l e a n   c o n f i g u r a t i o n  i s  s i g n i f i c a n t l y   q u i e t e r   i n  
s t e a d y   l e v e l   f l i g h t   t h a n   o t h e r   p o s s i b l e   o p e r a t i o n a l   c o n f i g u r a -  
t i o n s .   S t e a d y - s t a t e   h o r i z o n t a l   f l i g h t  i s  then   ma in ta ined  a t  
t h e   3 0 0 0 - f o o t   a l t i t u d e   l e v e l .  Some time later t h e  a i rc raf t  i s  
d e c e l e r a t e d   h o r i z o n t a l l y  a t  i t s  maximum ra te .  As t h e   h o r i -  
z o n t a l   v e l o c i t y   d e c r e a s e s ,   c o n v e r s i o n   f r o m   t h e   a i r p l a n e  t o  
h e l i c o p t e r  mode o f   f l i g h t   o c c u r s .  Near z e r o   h o r i z o n t a l   v e l o -  
c i t y ,  maximum n e g a t i v e  ver t ica l  a c c e l e r a t i o n  i s  i n i t i a t e d   u n t i l  
t h e   v e h i c l e ' s  maximum r a t e  o f   s i n k  i s  achieved.  The  remainder 
o f   t h e   t r a j e c t o r y  i s  i d e n t i c a l   t o   t h e   p u r e   v e r t i c a l   d e s c e n t  
case p rev ious ly   cons ide red .  

The time of f l i g h t   a n d   f u e l  consumed  have  increased s ig-  
n i f i c a n t l y   o v e r   t h e  optimum "h igh- speed   he l i cop te r   descen t "  
case. The i n c r e a s e   i n  t i m e  i s  d e t r i m e n t a l   f o r   m i l i t a r y   a p p l i -  
c a t i o n s .   I n c r e a s e d   d e s c e n t   a n d   l a n d i n g  times may i n c r e a s e   t h e  
exposure  of t h e   a i r c r a f t   t o   t h e   h o s t i l e   e n v i r o n m e n t s   n e a r   t h e  
l a n d i n g  si te.  

The i n c r e a s e   i n  consumed f u e l  i s  n o t   r e a l l y   t o o   s i g n i f i -  
can t .   Because   o f   the  low d i s c  l o a d i n g   r o t o r s ,   t h e   l a r g e s t  
amount  of f u e l  consumed i n  a l l  o f   t h e  cases cons ide red  i s  less 
than   one   pe rcen t  of t h e   t i l t - r o t o r ' s   t o t a l   f u e l   l o a d   f o r   t h e  
des ign   mi s s ion .  

The no i se   p roduced   by   f l y ing   t h i s   s econd   no i se   aba temen t  
p r o f i l e  i s  g r e a t l y   r e d u c e d  a t  t h e  f i rs t  two  ground  locat ions.  
A t  200 f e e t   u p - r a n g e   o f   t h e   l a n d i n g   p o i n t ,  a 1 0  EPNdB reduc- 
t i o n   i n   a n n o y a n c e  i s  p r e d i c t e d .  However, t h e  n o i s e   e v a l u a t e d  
a t  t h e  l a s t  m e a s u r i n g   l o c a t i o n   h a s  a h i g h e r  EPNdB t h a n  the 
o p t i m a l   d e s c e n t   t r a j e c t o r i e s .  The longer   exposure  t i m e  o f   t h e  
n o i s e - a b a t e m e n t   p r o f i l e   c a u s e s   a n   i n c r e a s e   i n   t h e  EPNdR level 
a t  t h a t   p a r t i c u l a r   l o c a t i o n .  

By comparing these las t  two   no i se   aba temen t   p ro f i l e s ,   an  
estimate of t h e   a n n o y a n c e   o f   t h e   h o r i z o n t a l   f l i g h t   s e g m e n t   a t  
3000 f e e t   c a n  be made.  The EPNdB of  bo.th trajectories i s  
a l m o s t   i d e n t i c a l  a t  400 f e e t ,  i s  s l i g h t l y   g r e a t e r   f o r   t h e  
s e c o n d   p r o f i l e   a t   1 6 0 0  fee t ,  and i s  s i g n i f i c a n t l y   g r e a t e r   f o r  
t h e   s e c o n d   f l i g h t   p r o f i l e  a t  6 4 0 0  f ee t   up - range .   Th i s   i n -  
c r e a s i n g   d i f f e r e n c e   i n   s u b j e c t i v e   a s s e s s m e n t   i n d i c a t e s   t h a t  
t h e   h o r i z o n t a l   s t e a d y - s t a t e   f l i g h t   s e g m e n t   o n l y   s i g n i f i c a n t l y  
in f luences   t he   measu red   annoyance   o f   t i l t - ro to r   no i se   aba temen t  
t r a j e c t o r i e s   a t   d i s t a n c e s   i n   e x c e s s  of  one mile from  the  touch-  
down p o i n t .  

The l a s t  t r a j e c t o r y  shown i n   T a b l e  V-3 i s  a near-optimum 
d e s c e n t   t r a j e c t o r y   w h i c h  i s  flown t o   a l l e v i a t e  some of t h e  
g round   no i se .   The   f l i gh t   pa th  i s  ve ry  similar t o   t h e   r e s t r i c t e d  
o p t i m a l   d e s c e n t   ( h i g h - s p e e d   h e l i c o p t e r ) .  However, d e c e l e r a t i o n  
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t o  z e r o   f o r w a r d   v e l o c i t y  i s  reduced  from i t s  maximum v a l u e  
n e a r   t h e   t e r m i n a l  t i m e .  The r e s u l t i n g   t r a j e c t o r y  traces a 
n e a r  ve r t i ca l  d e s c e n t   i n   t h e  l a s t  1 0 0 0  ve r t i ca l  f e e t .  Some 
s l i g h t   i n c r e a s e s   i n  t i m e  o f   f l i g h t   a n d   f u e l  consumed r e s u l t  
over t h e   " h i g h - s p e e d   h e l i c o p t e r   d e s c e n t "  case. However, a 
s i g n i f i c a n t   r e d u c t i o n   i n   t h e   c a l c u l a t e d  EPNdB i s  registered a t  
t h e   f i r s t  g round  measur ing   loca t ion .  

S t e e p e n i n g   t h e   f l i g h t   p a t h  t o  r educe  a chosen   sub jec t ive  
measure (EPNdB) o f   n o i s e   c a n  be concluded t o  b e   a n   e f f e c t i v e  
c p e r a t i o n a l   p r o c e d u r e .  The cost in   pe r fo rmance   o f   ach iev ing  
a 1 0  EPNdB r e d u c t i o n   i n   a n n o y a n c e  a t  s h o r t   d i s t a n c e s   f r o m   t h e  
touchdown p o i n t  i s  e s t i m a t e d  t o  be about  a 50  p e r c e n t   i n c r e a s e  
i n  t i m e  o f   f l i g h t   a n d   f u e l  consumed.  The  increased time i s  
i m p o r t a n t   m i l i t a r i l y ,   w h i l e   t h e   i n c r e a s e   i n   f u e l  i s  on ly  a 
smal l  f r a c t i o n   o f   t h e  t o t a l  m i s s i o n   f u e l .   C o m m e r c i a l l y ,   t h e  
min imiza t ion   o f   t he  area exposed t o   n o i s e   o f   d i s t u r b i n g   i n t e n -  
s i t y  i s  m o s t   i m p o r t a n t .   T h e   i n c r e a s e s   i n   f l i g h t  t i m e  and  con- 
sumed f u e l  a r e  p r o b a b l y   s e c o n d a r y   c o n s i d e r a t i o n s   f o r  commer- 
c i a l  o p e r a t i o n s   o f   t h e   t i l t - r o t o r  VTOL a i r c r a f t .  

D e t a i l e d   P r e s e n t a t i o n   o f  t h e  R e s u l t s  

The g e n e r a l   r e s u l t s   p r e s e n t e d   i n   t h e   p r e v i o u s   s e c t i o n  of 
t h i s   c h a p t e r  do i n d i c a t e   t h e   o v e r a l l   , n o i s e - p e r f o r m a n c e  t rade-  
o f f s   w h i c h  are  p o s s i b l e   w i t h   t h e   t i l t - r o t o r  a i r c r a f t  o p e r a t i n g  
i n   t h e   t a k e o f f   a n d   l a n d i n g  modes o f   f l i g h t .  T h i s  s e c t i o n  con- 
t a i n s  a more d e t a i l e d   d e s c r i p t i o n   o f   t h e s e  same t r a j e c t o r i e s .  
T i m e  h i s t o r i e s   o f   i n d i v i d u a l   p e r f o r m a n c e   p a r a m e t e r s   s u c h  as 
power s e t t i n g ,   v e l o c i t y ,   c o n f i g u r a t i o n   a n g l e ,  e t c . ,  a re  p re -  
s e n t e d   t o  more c l e a r l y   i l l u s t r a t e   t h e   t r a n s i t i o n   p e r f o r m a n c e  
of t h e   a i r c r a f t .  The r e s u l t i n g   t r a j e c t o r i e s   a r e   g r a p h i c a l l y  
i l l u s t r a t e d ,  showing s i x   n o i s e - m e a s u r i n g   l o c a t i o n s .  A cjne- 
t h i r d  o c t a v e   h a n d   a n a l y s i s   o f   t h e   r e s u l t i n g   n o i s e  i s  alsc: Ijre- 
s e n t e d  a t  t h e  p o i n t   o f  maximum annoyance  for  each  chosen  ground 
l o c a t i o n .  

' I ' akeof f  and  Climb. - A g e o m e t r i c   r e p r e s e n t d t i o n  G f  a t a k e -  
o f f  f l i g h t   p r o f i 1 . e  i s  i l l u s t r a t e d   i n   F i g u r e  1 7 - 1 .  S i x  d i f f e r -  
e n t  m e a s u r i n g   l o c a t i o n s  ( A ,  B ,  C ,  D ,  E and F )  which a r e   l o c a t e d  
d i r e c t l y  b e l o w   t h e   f l i g h t   p a t h  are a l s o   i n d i c a t e d  on t h i s  f i g -  
u r e .   P o s i t i o n  A w a s  chosen t o  be 2 0 0  f e e t  from t h e  p o i n t  of 
t a k e o f f .  The 5 remain ing   ground  measur ing   loca t ions  were 
chosen t o   b e  twice t h e   d i s t a n c e   o f   t h e   p r e v i o u s   l o c a t i o n .  
T h e r e f o r e ,   l o c a t i o n  B i s  400 f e e t  from t h e   p o i n t  of t a k e o f f ;  
l o c a t i o n  C i s  800 f e e t ,  e t c .  The l a s t  measu r ing   l oca t ion  ( F )  
was chosen t o  he  6 4 0 0  f e e t  f r o m   t h e   i n i t i a l   p o i n t  of t a k e o f f .  
The  primed letters ( A ' ,  B ' ,   C ' ,  D', E ' ,  F') which a re  shown a t  
s p e c i f i c   f l i g h t   p a t h   l o c a t i o n s   i l l u s t r a t e   t h e   p o s i t i o n   o f   t h e  
a i r c r a f t  where t h e  maximum p r e d i c t e d   p e r c e i v e d   n o i s e  l eve l  of 
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A -  TAKEOFF 

Figure  V-1 

each   r e spec t ive   measu r ing   l oca t ion   occu r s .   Fo r   example ,   an  
o b s e r v e r  a t  l o c a t i o n  E would r e g i s t e r  t h e  l a r g e s t   v a l u e  of 
PNdB when t h e   a i r c r a f t  i s  a t  p o s i t i o n  E ' .  T h i s   n o t a t i o n  i s  
u s e d   t h r o u g h o u t   t h i s   s e c t i o n   o f   t h e   r e p o r t   t o  re la te  t h e   p e r -  
formance s t a t e  of t h e  a i r c r a f t   t o  a f r e q u e n c y   a n a l y s i s  of t h e  
r e s u l t i n g   p r e d i c t e d   n o i s e .  

A one- th i rd   oc tave   band   f requency   ana lys i s   o f   the   sound 
p r e s s u r e   l e v e l  i s  a l s o   c a l c u l a t e d   f o r   e a c h   m e a s u r i n g   l o c a t i o n  
when t h e  a i r c r a f t  i s  i n  i t s  r e s p e c t i v e   p r i m e d   p o s i t i o n   a l o n g  
t h e   f l i g h t   p a t h .  A r e p r e s e n t a t i v e  SPL ( s o u n d   p r e s s u r e   l e v e l )  
v e r s u s   f r e q u e n c y   p l o t  i s  i l l u s t r a t e d   i n   F i g u r e  V-2.  Labels  a t  
t he   t op   o f   t he   spec t rum  a re :   t he   measu r ing   l oca t ion  a t  which 
t h i s   s p e c t r u m  i s  r e c e i v e d ,  t h e  p e r c e i v e d   n o i s e   l e v e l   o f   t h e  
spec t rum,   and   t he   e l apsed  time from  takeoff  when t h e   p r e d i c t e d  
maximum p e r c e i v e d   n o i s e   l e v e l   o c c u r r e d .  A s o l i d   l i n e   c o n n e c t s  
t h o s e   o n e - t h i r d   o c t a v e   b a n d s   i n   w h i c h   r o t a t i o n a l   n o i s e   o f   t h e  
ro to r s   p redomina te .  Each  measuring  locat ion  has  i t s  own symbol 
f o r   t h e   o n e - t h i r d   o c t a v e   b a n d   s o u n d   p r e s s u r e   l e v e l  (see be low) .  

LOCATION A B C D E F 
SYMBOL 0 A 0 0 V D 
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F i g u r e  V-2 

None of t h e  ambient  and  power t r a i n   ( e n g i n e ,   t r a n s m i s s i o n s ,  
e t c . )  n o i s e   t h a t  i s  n o r m a l l y   p r e s e n t   i n  ' real  l i f e '  i s  shown i n  
t h e   p r e d i c t e d   n o i s e   s p e c t r u m .  

Deta i led   t akeoff   per formance   and   acous t ic  da t a  which  has 
o n l y   b e e n   c a l c u l a t e d   f o r   t h e   f i r s t   f l i g h t   p a t h   s e g m e n t  i s  pre-  
s e n t e d   i n   t h e   n e x t  f e w  s u b s e c t i o n s .  

Minimum T i m e  and  Fuel [Max. (R/C) Power Used/Max. Power 
Avai l== '1.03: F i g u r e s  V-3 through V-6 g r a p h i c a l l y   i l l u -  
s t ra te  the   op t ima l   t akeof f   pe r fo rmance   p rob lem  up   t o  a 3000- 
f o o t   a l t i t u d e .  The t a k e o f f   p r o f i l e   t r a j e c t o r y   w h i c h   r e s u l t s  
i s  shown a t  t h e   t o p  of F i g u r e  V-3. Maximum h o r i z o n t a l   a n d  
v e r t i c a l   a c c e l e r a t i o n  limits are enforced  a t  t h e  t i m e  o f   t ake-  
o f f   ( F i g u r e  V - 6 ) .  The ver t ical  a c c e l e r a t i o n   c o n s t r a i n t  i s  
e n f o r c e d   u n t i l   t h e  maximum a p p l i e d  power l i m i t  i s  i n t e r s e c t e d  
(F igu re  V - 5 ) .  Maximum power i s  t h e n   a p p l i e d  for  the   remainder  
of t h e   t r a j e c t o r y .  The h o r i z o n t a l   a c c e l e r a t i o n  is  main ta ined  
a t  i t s  l i m i t i n g   v a l u e   u n t i l   t h e   h o r i z o n t a l   v e l o c i t y   w h i c h  
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corresponds  t o  t h e   t i l t - r o t o r ' s   b e s t  ra te  of climb speed i s  
a t t a i n e d .  As h o r i z o n t a l   v e l o c i t y   i n c r e a s e s ,   t h e   a i r c r a f t  makes 
t h e   c o n v e r s i o n   f r o m   t h e   h e l i c o p t e r  t o  t h e   a i r p l a n e   c o n f i g u r a -  
t i o n   ( F i g u r e  V - 5 ) .  An a d d i t i o n a l  l i m i t  upon t h e  ra te  of  
change of t h e   t i l t - r o t o r ' s   a t t i t u d e   w i t h   r e s p e c t  t o  t i m e  re- 
d u c e s   t h e   a p p l i e d  power s l i g h t l y   d u r i n g   c o n v e r s i o n   f o r  a small 
time i n t e r v a l .  The r e m a i n d e r   o f   t h e   t r a j e c t o r y  i s  flown i n   t h e  
a i r p l a n e   c o n f i g u r a t i o n  a t  t h e   b e s t  ra te  of   c l imb  speed   wi th  
maximum power a p p l i e d .  

S e v e r a l   i n t e r e s t i n g   p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f   t h e  
t i l t - r o t o r ' s   c l i m b i n g   t r a n s i t i o n   t o   f o r w a r d   f l i g h t  are i l l u -  
s t r a t e d   i n   F i g u r e s  V-5 and V-6. The r a t e   o f  climb v e r s u s  
h o r i z o n t a l   v e l o c i t y   c u r v e  i s  remarkably similar t o   t h e  uncon- 
s t r a i n e d   c o n s t a n t   a l t i t u d e   p e r f o r m a n c e   c u r v e s   p r e s e n t e d   i n  
S e c t i o n  I1 ( F i g u r e  1 1 - 1 4 ) .  However, the   k inemat ic   per formance  
which i s i l l u s t r a t e d i n   F i g u r e  V-5 h a s   b e e n   f u r t h e r   c o n s t r a i n e d  
by the   dynamic   pe r fo rmance   cons t r a in t s .  The i n i t i a l   v e r t i c a l  
a c c e l e r a t i o n   c o n s t r a i n t  i s  d i r e c t l y   r e s p o n s i b l e   f o r  low rates 
o f   c l i m b   n e a r   t h e   t a k e o f f   p o i n t .  

The s e c o n d   d i p   i n   t h e  r a t e  o f   c l i m b   v e r s u s   h o r i z o n t a l  
v e l o c i t y   c u r v e  i s  o b s e r v a b l e   i n   b o t h   F i g u r e  V-5 and 1 1 - 1 4 .  I t  
i s  d i r e c t l y   a t t r i b u t a b l e   t o   t h e   s i g n i f i c a n t  download  on t h e  
wing  which  occurs a t  moderate  forward  speeds  and  high ra tes  of  
climb. The l a s t  d i p   i n   t h e   k i n e m a t i c   p e r f o r m a n c e   c u r v e   o c c u r s  
i n   h i g h - s p e e d   h e l i c o p t e r   f l i g h t .  The  power  expended t o  over- 
come t h e   d r a g   o f   t h e   t i l t - r o t o r   a i r c r a f t   i n   t h e   h e l i c o p t e r  
c o n f i g u r a t i o n  a t  h igh   speeds   r educes   t he  power  which i s  l e f t  
t o   m a i n t a i n   h i g h  r a t e s  of  cl imb. 

F i g u r e s  V-3 and V-4 i l l u s t r a t e   t h e   c h a r a c t e r   o f   t h e  
noise   which  i s  heard  a t  a l l   s i x  ground  measur ing   pos i t ions .  
A p l o t   o f   s o u n d   p r e s s u r e   l e v e l   v e r s u s   f r e q u e n c y  i s  g iven  
( F i g u r e  V-3)  a t  each   ground  loca t ion  when t h e   a i r c r a f t  i s  
r e g i s t e r i n g  i t s  maximum p e r c e i v e d   n o i s e   l e v e l  (PNdB).  The 
re la t ive   impor tance   o f   the   h igh   f requency   broadband  no ise  i s  
immediately  obvious.  The  low f r e q u e n c y   r o t a t i o n a l   n o i s e   d r o p s  
o f f   v e r y   r a p i d l y   w i t h   i n c r e a s i n g   f r e q u e n c y .  The l a r g e   i n f l o w  
t h r o u g h   t h e   p l a n e   o f   t h e   r o t o r  i n  t a k e o f f   f l i g h t   c o n d i t i o n s  
r e d u c e s   t h e   i m p o r t a n c e   o f   t h e   h i g h e r   h a r m o n i c   r o t o r   a i r l o a d s ,  
thus   reducing   the   magni tude   o f   h igher   harmonic   ro ta t iona l  
n o i s e .  The e f f e c t  o f   v a r y i n g   t h e   d i s t a n c e   b e t w e e n   t h e   a i r c r a f t  
and t h e   o b s e r v e r   c a n   a l s o   b e  seen. Besides   the  normal   reduc-  
t i o n   o f  6 d e c i b e l s   w i t h  a doub l ing   o f   d i s t ance ,  a more r a p i d  
a t t enua t ion   o f   h igh   f r equency   no i se  w i t h  d i s t a n c e  i s  observed.  
A t i m e  h i s t o r y   o f   t h e   p e r c e i v e d   n o i s e   l e v e l   w h i c h  i s  heard  a t  
each   measur ing   loca t ion  i s  p r e s e n t e d   i n   F i g u r e  V-4.  The i n i -  
t i a l  peak i n   e a c h   o f   t h e   c u r v e s   o c c u r s   j u s t   b e f o r e   t h e  tilt- 
r o t o r   r e a c h e s   t h e   p o i n t   o f   c l o s e s t   p a s s a g e   t o   t h e   m e a s u r i n g  
l o c a t i o n .   D o p p l e r   s h i f t ,   d i r e c t i v i t y  e f f e c t s ,  and  conversion 
r e g i m e   p e r f o r m a n c e   a r e   r e f l e c t e d   i n   t h e s e   c u r v e s .  
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pagtj-gl--Power_Takeoff  and- C l i m b  [Max. (R/C) ; Power Used 
Max. P o w e r  A v a i l a b l e  = 0.81: F i g u r e s  V-7 through V-10 illu! 
s trate t h e  performance t a k e o f f  and climb t ra iec torv  a t  80 per- 
c e n t  of maximum power .   Al though  the   f l igh t   pa th   which  i s  - 
shown i n   F i g u r e  V-7 i s  s h a l l o w e r ,   t h e  optimum t r a j e c t o r y   a n d  
r e s u l t i n g   n o i s e   c h a r a c t e r i s t i c s  are q u i t e  similar t o  t h e  maxi- 
mum power t a k e o f f   t r a j e c t o r y .  Maximum h o r i z o n t a l   a n d  ve r t i ca l  
a c c e l e r a t i o n  limits are i n i t i a l l y   e n f o r c e d   ( F i g u r e  V - 1 0 ) .  
When t h e  80 p e r c e n t  power l i m i t  i s  i n t e r s e c t e d ,  it i s  main- 
t a ined   t h roughou t   t he   t akeof f   maneuver   (F igu re  V - 9 ) .  Maximum 
permissible h o r i z o n t a l   a c c e l e r a t i o n  i s  a p p l i e d   u n t i l   t h e  best 
ra te  of   c l imb  speed  i s  a t t a i n e d .   C o n v e r s i o n   t o   t h e   a i r p l a n e  
c o n f i g u r a t i o n  from t h e   h e l i c o p t e r   c o n f i g u r a t i o n   o c c u r s  
n a t u r a l l y  as t h e   h o r i z o n t a l   v e l o c i t y   i n c r e a s e s .  A c o n s t a n t  
v e l o c i t y  maximum ra te  o f   c l i m b   t r a j e c t o r y  i s  then   main ta ined  
t o  3000 fee t .  

Reduc ing   t he   app l i ed  power d u r i n g   t a k e o f f   h a s   r e s u l t e d  
i n   i n c r e a s e d  t i m e  and f u e l   r e q u i r e d  t o  climb t o  3000 feet .  
The  more s h a l l o w   f l i g h t   p a t h   w h i c h   r e s u l t s   f r o m   t h e  power 
r e d u c t i o n   a l s o   i n c r e a s e s  t h e  o v e r a l l   l e v e l  of n o i s e   h e a r d  a t  
t h e  6 no i se   measu r ing   l oca t ions   (F igu re  V - 7 ) .  A l though   t he  
a p p l i e d  power has   been  reduced,   the   accompanying  reduct ion 
i n   d i s t a n c e   b e t w e e n   t h e   a i r c r a f t   a n d  t h e  measu r ing   l oca t ions  
causes   an   increase   in   the   measured   sound  pressure   l eve l .  
Thus ,   r educ ing   t he   app l i ed  power t o   r e d u c e   n o i s e   d u r i n g  a 
maximum p e r f o r m a n c e   t a k e o f f   o n l y   a g g r a v a t e s   t h e   s i t u a t i o n .  
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PARTIAL POWER TAKE OFF AND CLIMB 
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PARTIAL  POWER  TAKE OFF AND CLIMB 
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Proposed   Noise   Abatement   Prof i le .  - The  lack  of   any  one 
we igh ted   sub jec t ive   measu re  of t o t a l  t i l t - r o t o r  o p e r a t i o n a l  
n o i s e   p r o h i b i t s   t h e   f o r m u l a t i o n  of a m a t h e m a t i c a l   n o i s e   o p t i -  
m i z a t i o n  problem i n   t h e  str ictest  s e n s e .  However, t o  o b t a i n  
some knowledge of t h e   e f f e c t s  of t h e   f l i g h t   p a t h  on   t he  tilt- 
ro tor  a c o u s t i c a l   c h a r a c t e r i s t i c s ,  some p roposed   no i se  abate- 
ment p r o f i l e s   h a v e   b e e n   c h o s e n .  

Many p e o p l e   i n   t h e   t e c h n i c a l  community  have  been  proposing 
t a k e o f f   f l i g h t   p r o f i l e s   w h i c h   t a k e   a d v a n t a g e   o f   t h e  VTOL' s  
u n i q u e   o p e r a t i o n a l   p e r f o r m a n c e   c h a r a c t e r i s t i c s .  One class of  
t r a j e c t o r i e s   w h i c h   h a s   b e e n   s e r i o u s l y   c o n s i d e r e d  by B r i t i s h  
r e s e a r c h e r s   i n c o r p o r a t e s   i n i t i a l   p u r e   v e r t i c a l   c l i m b i n g  t r a -  
j e c t o r i e s .  The l i f t - e n g i n e  VTOL a i r c r a f t  which  they are con- 
s i d e r i n g   b e n e f i t   g r e a t l y   f r o m   t h e   i n c r e a s e d   d i s t a n c e   b e t w e e n  
t h e   s o u r c e   o f   n o i s e   a n d   t h e   c h o s e n   m e a s u r i n g   l o c a t i o n s   a t  
t h o s e   p o s i t i o n s   c l o s e   t o   t h e   t e r m i n a l .   T h e   h i g h e r   f r e q u e n c y  
noise ,   which  i s  t h e   d o m i n a n t   s o u r c e   o f   n o i s e   i n   l i f t - f a n  
e n g i n e s ,   a t t e n u a t e s   r a p i d l y   w i t h   d i s t a n c e   d u e   t o   a t m o s p h e r i c  
a b s o r p t i o n .  The p roposed   no i se   aba temen t   t r a j ec to r i e s   wh ich  
are c o n s i d e r e d   i n   t h i s   r e p o r t   a l s o   c o n t a i n  a t  l e a s t  one f l i g h t  
pa th   s egmen t   o f   pu re   ve r t i ca l  c l imb.  Al though  the   a tmospher ic  
n o i s e   a t t e n u a t i o n  charac te r i s t ics  o f   t h e   t i l t - r o t o r   a i r c r a f t  
are n o t   a s   l a r g e  as t h o s e  of t h e   j e t - l i f t   a i r c r a f t ,   t h e   v e r t i -  
c a l  t a k e o f f   p r o f i l e  still a p p e a r s   t o   o f f e r   t h e   g r e a t e s t   p o t e n -  
t i a l  f o r   n o i s e   r e d u c t i o n .  

PURE VERTICAL CLIMB: The f i rs t  n o i s e   a b a t e m e n t   t r a j e c -  
to ry   which  i s  cons ide red  i s  a p u r e   v e r t i c a l  climb t o  3000  
f e e t .  The r e s u l t i n g   p e r f o r m a n c e   a n d   a c o u s t i c a l   c h a r a c t e r i s t i c s  
are i l l u s t r a t e d  i n  F i g u r e s  V - 1 1  through V - 1 4 .  

The t a k e o f f   b e g i n s  w i t h  maximum a l l o w a b l e   v e r t i c a l  accele- 
r a t i o n .   H o r i z o n t a l   a c c e l e r a t i o n  i s  nu l l ed   and  t h e  a p p l i e d  
power i s  i n c r e a s e d   u n t i l   t h e  power l i m i t  i s  a t t a i n e d .  Maximum 
power i s  t h e n   a p p l i e d ,   r e s u l t i n g  i n  maximum r a t e   o f   c l i m b   o f  
t h e  t i l t - r o t o r   a i r c r a f t   i n   t h e   h e l i c o p t e r   c o n f i g u r a t i o n .   T h i s  
n e a r   c o n s t a n t  r a t e  of   c l imb i s  s u s t a i n e d   u n t i l   t h e   t e r m i n a t i o n  
o f   t he   maneuver .   F igu res  V-13 and V - 1 4  i l l u s t r a t e   t h e  more 
impor t an t  t i m e  h i s t o r i e s   o f   t h e   p e r f o r m a n c e   v a r i a b l e s   f o r   t h i s  
t r a j e c t o r y .  

A s  i l l u s t r a t e d   i n   F i g u r e  V - 1 1 ,  t h e  SPL ve r sus   f r equency  
curves  which are  g e n e r a t e d   a t   e a c h   m e a s u r i n g   l o c a t i o n  when t h e  
t i l t - r o t o r   a i r c r a f t   p r o d u c e s   t h e  maximum p e r c e i v e d   n o i s e   l e v e l .  
H i g h e r   l e v e l s   o f   r o t a t i o n a l   n o i s e  are c a l c u l a t e d   i n   t h e   p u r e  
v e r t i c a l   t a k e o f f   a s  compared t o  t h e  minimum time t o  climb case. 
The h i g h e r   t h r u s t - t o - w e i g h t   r a t i o s  of t h e   h e l i c o p t e r   c o n f i g u r a -  
t i o n   g e n e r a t e  a s i g n i f i c a n t  amount  of low f r e q u e n c y   r o t a t i o n a l  
n o i s e .  However ,   because  the  higher   harmonics   a i r loads  which 
g e n e r a t e   t h i s   n o i s e   d e c a y   r a p i d l y   w i t h   f r e q u e n c y   u n d e r   t h e s e  
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l a r g e   i n f l o w   c o n d i t i o n s ,   t h e   r o t a t i o n a l   n o i s e   q u i c k l y  becomes 
less impor t an t  a t  h i g h e r   f r e q u e n c i e s .  The r a p i d   a t t e n u a t i o n  
o f   v o r t e x   n o i s e   w i t h   d i s t a n c e  i s  a l s o   v e r y   n o t i c e a b l e   ( F i g u r e  
V-11). A very   smooth   var ia t ion  of PNdB v e r s u s  time is  i l l u -  
strated i n   F i g u r e  V-12. The t i l t - r o t o r   r e m a i n s   i n   t h e   h e l i -  
copter   conf igura t ion   th roughout   the   maneuver   and   the   in f low i s  
a l w a y s   a x i a l ,   e l i m i n a t i n g  many of t h e   p o s s i b l e   l a r g e r   c h a n g e s  
i n   t h e   p e r c e i v e d   n o i s e   l e v e l  t i m e  h i s t o r y .  
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Vertical  C l i m b  t o   A l t i t u d e   F o l l o w e d   b y   S t e a d y   H o r i z o n t a l  
F l i g h t .  - The  second  and l a s t  t a k e o f f   n o i s e   a b a t e m e n t   p r o f i l e  
which i s  t r e a t e d   i n   t h i s   r e p o r t   a t t a i n s   t h e  same downrange 
p o s i t i o n  as t h e   o p t i m a l   p e r f o r m a n c e   t r a j e c t o r y .   T h e r e f o r e ,  
t h e   t i l t - r o t o r   a i r c r a f t   m u s t   f l y   d i r e c t l y   o v e r   t h e   n o i s e  
measur ing   loca t ions .   Thus ,  it has   been   poss ib l e  t o  make a 
direct   comparison  of   the  noise   and  performance  between  the 
op t ima l   pe r fo rmance   t r a j ec to ry   and   t h i s   s econd   p roposed   no i se  
a b a t e m e n t   p r o f i l e .  

F i g u r e  V-15 g r a p h i c a l l y   i l l u s t r a t e s   t h e   f r e q u e n c y   c o n t e n t  
o f   t he   no i se   wh ich  i s  heard  on  the  ground when t h e   v e h i c l e  
f l i e s  t h i s   n o i s e   a b a t e m e n t   p r o f i l e .  A l l  o f   t h e   p r e v i o u s l y  
o b s e r v a b l e   c h a r a c t e r i s t i c s   o f   t h e   p u r e   v e r t i c a l   t a k e o f f  t r a -  
j e c t o r y  are a lso i l l u s t r a t e d   i n   t h e s e  same f i g u r e s .  The addi-  
t i o n   o f   t h i s   c o n s t a n t   a l t i t u d e   h o r i z o n t a l   f l i g h t   p a t h   s e g m e n t  
h a s   n o t   s i g n i f i c a n t l y   c h a n g e d   t h e   c h a r a c t e r i s t i c s   o f  t h e  re- 
s u l t i n g   n o i s e .  The r a p i d   c o n v e r s i o n   t o   a i r p l a n e   f l i g h t  a t  low 
power s e t t i n g s  and   favorable   Doppler   e f fec ts   p roduce   very  
l i t t l e  a d d i t i o n a l   n o i s e .   F i g u r e  V-16 i l l u s t r a t e s   t h e   r a p i d  
d e c a y   i n  PNdB o n c e   t h e   t i l t - r o t o r   c o n v e r t s   t o   a i r p l a n e  con- 
f i g u r a t i o n   f l i g h t .  

F i g u r e s  V-17 and V-18 p r e s e n t   t h e  time h i s t o r i e s  of t h e  
more impor t an t   pe r fo rmance   va r i ab le s .  The f i r s t   p a r t   o f   t h i s  
s e c o n d   n o i s e   a b a t e m e n t   p r o f i l e  i s  i d e n t i c a l   t o   t h e   p u r e   v e r t i -  
cal  c l i m b   t r a j e c t o r y .  However, as t h e   t e r m i n a l   a l t i t u d e  i s  
approached ( 3 0 0 0  f e e t ) ,   t h e   a p p l i e d  power i s  r e d u c e d   t o  main- 
t a i n   l e v e l   f l i g h t .  A t  t h e  same t i m e ,  t h e   t i l t - r o t o r   a c c e l e -  
rates h o r i z o n t a l l y  a t  i t s  maximum p e r m i s s i b l e  l i m i t .  Conver- 
s i o n   t o   t h e   a i r p l a n e   c o n f i g u r a t i o n   o c c u r s  as h o r i z o n t a l   v e l o c i t y  
i n c r e a s e s .  When t h e   v e l o c i t y   w h i c h   c o r r e s p o n d s   t o   t h e   s t e a d y  
s t a t e ,  b e s t  r a t e  of c l imb  speed (minimum power r e q u i r e d )  i s  
a c h i e v e d ,   t h e   t i l t - r o t o r   a t t a i n s   l e v e l   s t e a d y - s t a t e   f l i g h t .  
The  maneuver  ends when t h e   t i l t - r o t o r   r e a c h e s   t h e  same down- 
r a n g e   p o s i t i o n  as t h e  minimum t i m e  t o   c l i m b   t r a j e c t o r y .  
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VERTICAL T.O. TO 3,000 FT- HORIZ  FLIGHT  TO 11,400 FT DOWN RANGE 
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VERTICAL T.O. TO 3,000 FT-HORIZ  FLIGHT  TO 11,400 FT DOWN RANGE 
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Descent  and  Landing. - A t w o - d i m e n s i o n a l   i l l u s t r a t i o n   o f  
a t i l t - r o t o r   l a n d i n g   p r o f i l e  i s  s k e t c h e d   i n   F i g u r e  V-19. 

LANDING 
L 1 -  

B A  

Figure  V-19 

For   convenience,  t h e  l a n d i n g   p o i n t  is assumed t o   r e m a i n  
f i x e d  as t h e   i n i t i a l   c o n d i t i o n s  are v a r i e d   f o r  each case  which 
i s  cons idered .  The t ra jec tory   computa t ions   have   been   per formed 
i n   r e v e r s e  t i m e  s t a r t i n g   f r o m  the s p e c i f i e d   l a n d i n g   p o s i t i o n .  
T h e r e f o r e ,   t h e   i n d e p e n d e n t   v a r i a b l e ,  time, w a s  t r a n s f o r m e d   t o  
"time t o  touchdown"  and i s  i l l u s t r a t e d   a s   s u c h   f o r   e a c h   l a n d i n g  
t r a j e c t o r y .  The i n t e g r a t i o n   t e r m i n a t e d  when t h e   d e s i r e d  a l t i -  
t u d e  w a s  a t t a i n e d .  The h o r i z o n t a l   d i s t a n c e   b e t w e e n  the  i n i t i a l  
a n d   t e r m i n a l   c o n d i t i o n s   h a d   n o t ,   i n   g e n e r a l ,   b e e n   s p e c i f i e d .  
Thus, it was p o s s i b l e   t o   e a s i l y   o b t a i n   o p t i m a l   l a n d i n g   t r a j e c -  
t o r i e s   f r o m  a s p e c i f i e d   a l t i t u d e   b e c a u s e   n o  a p r i o r i  con- 
s t r a in t s  were p laced  upon t h e   t o t a l   h o r i z o n t a l   d i s t a n c e   f l o w n .  

B e c a u s e   t h e   l a n d i n g   p o i n t  i s  f i x e d ,  it was a l s o   e a s y  t o  
spec i fy   mean ingfu l   f i xed   g round   no i se   measu r ing   l oca t ions .  
They were c h o s e n   i n  a similar manner t o  t he  t a k e o f f   f l i g h t  
p r o f i l e .  The f i rs t  l o c a t i o n   ( p o s i t i o n  A) i s  200 feet from 
t h e  touchdown p o i n t  and lies d i r e c t l y   b e n e a t h   t h e   f l i g h t   p a t h .  
The f ive   r ema in ing   g round   measu r ing   pos i t i ons  (B,  C ,  D ,  E and 
F) were chosen t o  be  twice t h e   d i s t a n c e  of t h e  p reced ing   pos i -  
t i o n .  The  primed let ters ( A ' ,  B ' ,  C ' ,  D ' ,  E ' ,  and F ' ) ,  which 
a r e  also shown i n   F i g u r e  V-19, i l l u s t r a t e   t h e   p o s i t i o n   o f  the  
a i r c r a f t  when t h e   p e r c e i v e d   n o i s e   l e v e l   p r e d i c t e d  a t  t h e   c o r r e -  
s p o n d i n g   u n p r i m e d   p o s i t i o n   a t t a i n s  i t s  maximum va lue .  
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F i v e   p o s s i b l e   t i l t - r o t o r   l a n d i n g   t r a j e c t o r i e s   a r e   p r e -  
s e n t e d   i n   t h e   n e x t  f e w  s e c t i o n s   o f   t h i s   c h a p t e r .  The fo l lowing  
a n a l y s i s   o f  the a c o u s t i c   c h a r a c t e r   o f  t h e  "minimum time and 
f u e l "   t r a j e c t o r y   t o  descend from  5000 feet  r e s u l t e d   i n   t h e  con- 
c l u s i o n  t h a t  it was n o t   i m p o r t a n t   a b o v e   a l t i t u d e s   g r e a t e r   t h a n  
3000 feet. The re fo re ,  the o t h e r   d e s c e n t   t r a j e c t o r i e s   p r e s e n t e d  
h e r e i n  start  from 3000 feet  i n   o r d e r   t o  reduce the  computat ions 
involved.  

Minimum Time  and Fue l  (Hiqh-Speed  Dive) : Figures  V-20 
th rough V-22 describe o p t i m a l   t i l t - r o t o r   l a n d i n g   p e r f o r m a n c e  
d u r i n g   t h e  l a s t  5000 feet  of descen t .  The p e r c e i v e d   n o i s e  
l e v e l  t i m e  h i s t o r i e s  and the  s o u n d   p r e s s u r e   l e v e l   s p e c t r a   o f  
the r e s u l t i n g   p r o f i l e   h a v e   n o t   b e e n   p r e s e n t e d   b e c a u s e   o f   t h e i r  
s i m i l a r i t y   t o  the restricted optimal  landing  problem  which i s  
d i scussed   nex t .  However,  an e f f e c t i v e   p e r c e i v e d   n o i s e   l e v e l  
con tour   p rov ides  the a c o u s t i c a l   c h a r a c t e r i s t i c s  of t h e  t r a j e c -  
t o r y .  

S teady  f l i g h t  a t  t h e  t i l t - ro tor ' s  maximum r a t e  of s i n k ,  
a l though  not   shown,   has  been maintained  above t h e  5000-foot 
a l t i t u d e   l e v e l .  As the a i r c r a f t   d e s c e n d s   b e l o w  t h e  3000-foot 
l e v e l ,   t h e s e  same h i g h   r a t e  of s i n k   c o n d i t i o n s   a r e   m a i n t a i n e d .  
C o n t r o l l a b i l i t y   r e q u i r e m e n t s   n e c e s s i t a t e  the expend i tu re   o f   t he  
minimum al lowable  appl ied  power.  When t h e   t i l t - r o t o r   r e a c h e s  
an a l t i t u d e   o f  2500 feet ,  maximum h o r i z o n t a l   d e c e l e r a t i o n  
reduces  the h o r i z o n t a l   v e l o c i t y   t o   z e r o   i n  minimum time. The 
a p p l i e d  power i s  main ta ined  a t  i t s  s m a l l e s t   a l l o w a b l e   v a l u e  
during  most   of  t h i s  h o r i z o n t a l   d e c e l e r a t i o n   m a n e u v e r   a s   t h e  
v e h i c l e   f o l l o w s  i t s  h i g h e s t  rate of s i n k  v e r s u s   v e l o c i t y   c u r v e  
( F i g u r e   1 1 - 1 5 ) .   C o n v e r s i o n   f r o m   a i r p l a n e   t o   h e l i c o p t e r   f l i g h t  
o c c u r s   a s   t h e   f o r w a r d   a i r s p e e d  i s  r e d u c e d   t o   z e r o .   N e a r   t h e  
p o i n t   o f   l a n d i n g ,   t h e   a p p l i e d  power i s  increased   above  i t s  
minimum v a l u e   t o  decelerate the a i r c r a f t  a t  i t s  maximum allow- 
able limit t o  the requi red   touchdown  ve loc i ty  ( 8  f t / s e c ) .  

Cons t ra ined   k inemat ic   per formance   of  t h e  t i l t - r o t o r   a i r -  
c r a f t  i s  g o v e r n e d   b y   t h e   r a t e   o f   s i n k   v e r s u s   h o r i z o n t a l   v e l o -  
c i ty   cu rve   (F igu re   11 -15} .  An i n i t i a l   l a r g e   r a t e  of   s ink  a t  
h i g h   f o r w a r d   v e l o c i t i e s   i n   t h e   a i r p l a n e   c o n f i g u r a t i o n  i s  
v i s i b l e  on b o t h  rate o f   s i n k   v e r s u s   v e l o c i t y   c u r v e s .  Two 
a d d i t i o n a l   l o c a l  minima a l s o   e x i s t .  The l a r g e s t   c o r r e s p o n d s  
t o   t h e   h i g h  rate of s ink   ccnd i t ions   wh ich   can   be   ma in ta ined  
i n   t h e   h i g h - s p e e d   h e l i c o p t e r  descent. The second   d ip   r ep re -  
s e n t s   t h e   r e l a t i v e l y   h i g h   r a t e   o f  s i n k  condi t ions  which  can 
be m a i n t a i n e d   i n  near v e r t i c a l   d e s c e n t .   T h i s   l a s t   d i p   h a s  
b e e n   s i g n i f i c a n t l y   d e c r e a s e d   i n   m a g n i t u d e   ( F i g u r e  V-21) by 
t h e   r e q u i r e m e n t   t h a t   t h e   t i l t - r o t o r   d e c e l e r a t e s   t o   a n  8 f t / s e c  
v e r t i c a l   r a r t a o f  s i n k  a t  t h e  t e r m i n a l  time. 
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The  very   rap id   decay  of e f f e c t i v e   p e r c e i v e d  noise  l e v e l  
w i t h   d i s t a n c e   f r o m   t h e   l a n d i n g   p o i n t   ( F i g u r e  V-20)  i s  i n d i c a -  
t i v e   t h a t   n o i s e   a b o v e   t h e   3 0 0 0 - f o o t   l e v e l  i s  d e f i n i t e l y   o f  
secondary  importance.  I n  f a c t ,  most of   the   no ise   which  is cal- 
c u l a t e d   o c c u r s   d u r i n g   t h e   l a t e r   s t a g e s   o f   t r a n s i t i o n   i n   t h e  
h e l i c o p t e r   c o n f i g u r a t i o n .  The gradual  reductiorf  of  wing l i f t  
w i t h   d e c r e a s i n g   f o r w a r d   a i r s p e e d   b r i n g s   a b o u t   t h e   n e c e s s i t y  
f o r  more t h r u s t   i n   o r d e r   t o   m a i n t a i n   e q u i l i b r i u m   f l i g h t .   T h i s  
i n c r e a s e  i n  t h r u s t   p r o d u c e s  more o v e r a l l   n o i s e .  A complete 
d i s c u s s i o n   o f   t h e   s o u r c e   a n d   c h a r a c t e r  of t h e   r e s u l t i n g   n o i s e  
i s  p r e s e n t e d   i n   t h e   n e x t  sect ion.  
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MINIMUM  TIME  AND FUEL DESCENT 
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O_ptimization  of  Time-and  Fuel  with  an  Additional  Fliqht 
P a t h   C o n s t r a i n t  (Hiqh-Speed Helicopter Descen t ) :   Ma in ta in ing  
h i g h - s p e e d   f l i g h t  a t  t h e  t i l t - rotor 's  s t r u c t u r a l  l i m i t  i n   t h e  
- Pa 
h i  

O_ptimization  of  Time-and  Fuel  with  an  Additional  Fliqht 
. th   Constraint   (Hiqh-Speed Helicopter Descen t ) :   Ma in ta in ing  
gh-speed f l i g h t  a t  t h e  t i l t - rotor 's  s t r u c t u r a l  l i m i t  i n   t h e  

a i r p l a n e   c o n f i g u r a t i o n   n e a r   t h e   g r o u n d  i s ,  a t  b e s t ,  a r i s k y  
o p e r a t i o n a l   p r o c e d u r e .  By r e s t r i c t i n g   t h e s e   h i g h - s p e e d   f l i g h t  
c o n d i t i o n s   t o   a l t i t u d e s   a b o v e  3000 feet  and  by  applying  opt i -  
m i z a t i o n   t e c h n i q u e s  t o  t h i s   f u r t h e r   c o n s t r a i n e d   p r o b l e m ,  a near 
o p t i m a l   t r a j e c t o r y  i s  genera ted   which  i s  more e a s i l y   f l o w n .  
The l a s t  3000 f e e t   o f   t h e   r e s u l t i n g   r e s t r i c t e d   o p t i m a l  trajec- 
t o r y  i s  i l l u s t r a t e d   i n   F i g u r e s  V-23 th rough V-26 a long   w i th  a 
g r a p h i c a l   p r e s e n t a t i o n  of the  sound  which i s  heard  a t  each  
measu r ing   l oca t ion .  

T h i s   s e c o n d   o p t i m a l   t r a j e c t o r y   p r o b l e m   f o r m u l a t i o n   h a s  
b e e n   c o n s t r a i n e d   t o   m o d e r a t e   f o r w a r d   v e l o c i t i e s  a t  a l t i t u d e s  
below  3000 f e e t .  An i n i t i a l   c o n d i t i o n  upon t h e   h o r i z o n t a l  
v e l o c i t y  a t  t h e   3 0 0 0 - f o o t   a l t i t u d e   l e v e l  i s  d i r e c t l y   e n f o r c e d .  
The t i l t - r o t o r   a i r c r a f t   m u s t   b e   i n   t h e   h e l i c o p t e r   c o n f i g u r a t i o n  
o p e r a t i n g  a t  t h e  maximum ra te  o f   descen t .  The a p p l i c a t i o n   o f  
o p t i m i z a t i o n   t e c h n i q u e s   t o   t h i s   c o n s t r a i n e d  minimum time and 
f u e l   p r o b l e m   c a u s e s   t h e   r e s u l t i n g   o p t i m a l   t r a j e c t o r y   t o  main- 
t a i n   t h i s   h i g h  ra te  o f   s i n k   c o n d i t i o n   ( F i g u r e  V - 2 6 ) .  No t i ce  
a l so  t h a t   d u r i n g   t h i s  time i n t e r v a l ,  more t h a n   t h e  minimum 
a p p l i e d  power i s  needed t o  res t r ic t  t h e   t i l t - r o t o r   t o   e q u i l i -  
b r i u m   f l i g h t   c o n d i t i o n s   f o r   t h e   h e l i c o p t e r   c o n f i g u r a t i o n   i n  
h igh-speed   descent  (see page 64). A t  about  35 seconds  from 
t o u c h d o w n ,   t h e   t i l t - r o t o r   b e g i n s   t o   d e c e l e r a t e   h o r i z o n t a l l y   a t  
i t s  maximum a l lowab le  l i m i t .  T h i s   l a s t   p o r t i o n   o f   t h e  
r e s t r i c t e d   o p t i m a l   t r a j e c t o r y  i s  i d e n t i c a l   t o   t h e   p r e c e d i n g  
uncons t ra ined   op t imiza t ion   problem.  A comparison of F i g u r e s  
V-23 and V-20 below 1000 f ee t  i l l u s t r a t e s   t h i s   f a c t .   I n   b o t h  
t r a j e c t o r i e s ,   t h e   h o r i z o n t a l   a c c e l e r a t i o n  limit i s  enforced  as 
t h e   t i l t - r o t o r   g r a d u a l l y   t r a n s f e r s  lift from t h e   w i n g   t o   t h e  
h e l i c o p t e r   r o t o r   ( F i g u r e   1 1 - 1 3 ) ,  The a p p l i e d  power i s  main- 
t a i n e d  a t  i t s  minimum p e r m i s s i b l e   v a l u e  as  t h e   h o r i z o n t a l   v e l o -  
c i t y   d e c r e a s e s  a t  a c o n s t a n t  ra te .  Near t h e   f i n a l  t i m e ,  t h e  
a p p l i e d  power i s  i n c r e a s e d   t o   d e c r e a s e   t h e   r a t e   o f   s i n k   t o  
8 f t / s e c   a t  touchdown. 

F i g u r e  V-24 i n d i c a t e s   t h a t   s i g n i f i c a n t   n o i s e   m e a s u r e m e n t s  
are o n l y   o b t a i n e d   d u r i n g   t h e  l a s t  p h a s e s   o f   h e l i c o p t e r   f l i g h t .  
R e l a t i v e l y  little n o i s e  i s  g e n e r a t e d  when t h e   t i l t - r o t o r  i s  
f l y i n g   i n   t h e   h i g h - s p e e d   h e l i c o p t e r   d e s c e n t   c o n d i t i o n .   N e a r l y  
85 p e r c e n t   o f   t h e   a i r c r a f t   w e i g h t  i s  be ing   suppor ted   by   the  
wing a t  these  forward  speeds  (Figure  11-13] .   The  reduced 
t h r u s t   l e v e l s  which are r e q u i r e d   t o   m a i n t a i n   e q u i l i b r i u m   f l i g h t  
g e n e r a t e  low r o t a t i o n a l   a n d   v o r t e x   n o i s e   l e v e l s .  

Because most of t h e   n o i s e   w h i c h  i s  heard  a t  any  one  of 
t h o s e   s i x   m e a s u r i n g   l o c a t i o n s  i s  a r e s u l t  of t h e  l a s t  1000 
fee t  o f   d e s c e n t ,   t h e   n o i s e   c h a r a c t e r i s t i c s  of b o t h   t h e  
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r e s t r i c t e d   a n d   u n r e s t r i c t e d   o p t i m i z a t i o n   p r o b l e m s  are ve ry  
similar. F i g u r e  V-23 p r e s e n t s   d e t a i l e d   s o u n d   p r e s s u r e   l e v e l  
v e r s u s   f r e q u e n c y   p l o t s   f o r  a l l  s i x   g r o u n d   p o s i t i o n s .  Each 
i n d i v i d u a l   c u r v e  shown i l l u s t r a t e s   t h e   f r e q u e n c y   c o n t e n t  of 
t h e   n o i s e   w h i c h   c a u s e s   t h e   l a r g e s t   v a l u e   o f  PNdB t o  be measured. 
The c o r r e s p o n d i n g   p o s i t i o n   o f   t h e   a i r c r a f t  a t  t h i s   i n s t a n t   o f  
time i s  i n d i c a t e d   o n   t h e   t o p  of F i g u r e  V-23 by the   p r imed  
le t ters .  The  importance  of   the low f r e q u e n c y   r o t a t i o n a l   n o i s e  
a t  all o f   t h e   m e a s u r i n g   p o s i t i o n s  i s  r e a d i l y   a p p a r e n t .  The 
d e c a y   o f   r o t a t i o n a l   n o i s e   w i t h   i n c r e a s i n g  number  of  harmonics 
i s  much more g r a d u a l   t h a n   f o r   t h e   t a k e o f f   f l i g h t   p r o f i l e s .  
Less i n f l o w   t h r o u g h   t h e   r o t o r   d i s c   p l a n e   c a u s e s   h i g h e r   h a r -  
m o n i c   a i r l o a d s   o f   s i g n i f i c a n t   m a g n i t u d e   t o   b e   g e n e r a t e d   w h i c h  
i n   t u r n ,  are r e s p o n s i b l e   f o r   t h e   h i g h e r   h a r m o n i c   r o t a t i o n a l  
n o i s e .   S i g n i f i c a n t   a m o u n t s   o f   v o r t e x   n o i s e   a r e   a l s o   n o t i c e -  
a b l e  ir, a l l   o f   t h e  cases cons ide red .  However, t h e  l a t t e r  i s  
r a p i d l y   a t t e n u a t e d   w i t h   d i s t a n c e .  

100 



MINIMUM  TIME  HIGH-SPEED  HELICOPTER  DESCENT 
3 -  
\ 

\ 

z 
;1' a 
w - 80 

- 70 

A B C  D 

1 1 0  

1 0 0  

9 0  

rn 
TJ 

? 

LL! 
cl 

2 
2 

7 0  
m 
m 
2 
n 60 
a 

z 
0 
3 

m 

5 0  

4 0  

3 c  

X DISTANCE * 1 0 0 0  FT 

LOC. A PNL = 1 2 1 . 4  PNdB TIME = 0 S E C .  
LOC. B PNL = 1 1 9 . 4  PNdB TIME = 1 0  S E C .  
LOC.  C PNL = 1 1 5 . 7  PNdS  TIME = 1 2  S E C .  
LOC. D PNL = 1 1 1 . 5  PNdB TIME = 18 SEC.  
LOC. E PNL = 1 0 0 . 6  PNdB TIME = 2 8  S E C .  

.L LOC. F PNL = 7 3 . 1  PNdB  TIME = 2 8  S E C .  

0 100 1000 10000 

1/3-OCTAVE BAND CENTER FREQUENCY - HZ 

F I G U R E  V-23 

101 



MINIMUM  TIME  HIGH-SPEED  HELICOPTER  DESCENT 

120 

110 

100 

m 
m 
!& 
z 

j 90 
;I 

> w w 
I 4  

cn 
0 
z 

W 8 0  
H 

n w 
3 7 0  
w u a 
a w 

H 

60 

5 0  

40 

10 20 30 4 0  
TIME TO TOUCHDOWN 

5 0  6 0  7 0  8 0  
S EC 

F I G U R E  V-24 

102 

_. - - . . -. . . . . . . .. . .. .. . . . - . _." ..._.. - ._ 



MINIMUM TIME HIGH-SPEED  HELICOPTER  DESCENT 
1.0- 

.E- 

.6- 

.4- 

.2- 

0 <-- 
0 20 40 6 0  

I I I 

TIME  TO  TOUCHDOWN % SEC- 
TIME TO TOUCHDOWN 'L SEC 

&i 3 

z 

0 20 40 60 
TIME TO TOUCHDOWN SEC. 

I OCONFIG - 
OP ----------- 

- O I \  

-0- 

I 
\ 

.o- 

.o- 

0 1 I I 0 I 
0 20 40 6 0  

TIME TO TOUCHDOWN % SEC. 

0 2.0 40 60 

. .  

-70 

HORIZONTAL  COMPONENT OF VELOCITY F 
0 100 200 300 

'PS 

FIGURE V-25 

103 



MINIMUM  TIME  HIGH-SPEED  HELICOPTER  DESCENT 

0 10 20 30 40 5 0  6 0  
TIME  TO TOUCHDOWN SEC. 

s3r HOR IZONTAL ACCE LERAT ION  LIMIT 

t -  TIME  TO TOUCHDOWN X SEC.  

0 1 1 I I I I 
10 20 30 40 5 0  6 0  

E-c g -.2 
g -.3- 
N 
H HORIZONTAL  ACCELERATION  LIMIT 

tn 

tF 

z 
z 

- . 3  

. 2  

E 
3 w 
I 4 0  w 
U 
U 
4 -.l 

a 
E g -.? 

u - . 2  
H 

- 
VERTICAL  ACCELERATION  LIMIT 

- 
TIME TO TOUCHDOWN SEC. 

I n  I I I I I 
I - 

20 4 0  50 60 

VERTICAL ACCELERATION LIMIT 

FIGURE V-26 

1 0 4  

I.. .I 



Proposed Noise Aba temen t   P ro f i l e s .  - F l i g h t   p a t h s   w h i c h  
descend i n  a n e a m t i c a l  manner seem t o   o f f e r   t h e   g r e a t e s t  
p o t e n t i a l   a n n o y a n c e   r e d u c t i o n  a t  d i s t ances   wh ich  are c l o s e   t o  
t h e   l a n d i n g  s i te .  There fo re ,   each   p roposed   l and ing   no i se  
aba temen t   p ro f i l e   wh ich  i s  c o n s i d e r e d   i n   t h i s   r e p o r t   i n c o r p o -  
ra tes  a n e a r   v e r t i c a l   d e s c e n t   p a t h  as a n   i n t e g r a l   p a r t   o f  i t s  
t r a j e c t o r y  . 

PURE VERTICAL DESCENT: Descent  from 3000 fee t  i n   t h e  
h e l i c o p t e r   c o n f i g u r a t i o n  i s  t h e  first n o i s e   a b a t e m e n t   p r o f i l e  
which i s  ana lyzed   (F igu res  V-27 th rough V-30). The a p p l i e d  
power i s  h e l d  a t  i t s  minimum a l l o w a b l e   v a l u e  as t h e   t i l t - r o t o r  
ma in ta ins  a s t e a d y   s i n k  ra te  a t  z e r o   h o r i z o n t a l   v e l o c i t y .  
Near t h e   l a n d i n g   p o i n t ,  maximum v e r t i c a l   a c c e l e r a t i o n  i s  
i n i t i a t e d  and  maintained t o  r e d u c e   t h e   t e r m i n a l  r a t e  o f   s i n k  
t o  8 f p s .  T i m e  h i s t o r i e s   o f   m o s t   o f   t h e   i m p o r t a n t   t r a j e c t o r y  
v a r i a b l e s  are i l l u s t r a t e d   i n   F i g u r e s  V-29 and V-30. The r a t h e r  
large minimum a p p l i e d  power c o n s t r a i n t  i s  needed t o   p r e v e n t  
u n r e a l i s t i c a l l y   h i g h  rates of p u r e   v e r t i c a l   d e s c e n t  (see 
Appendix C ) .  

R o t a t i o n a l   n o i s e   c o n s t i t u t e s  a v e r y   i m p o r t a n t   p a r t   o f   t h e  
a c o u s t i c a l   s p e c t r u m   ( F i g u r e  V-27). Because low in f low  condi -  
t i o n s  e x i s t  i n   t h i s   p u r e   v e r t i c a l   d e s c e n t   t r a j e c t o r y ,   t h e  sound 
p r e s s u r e   l e v e l   o f   r o t a t i o n a l   n o i s e   d e c a y s   s l o w l y   w i t h   i n c r e a s -  
ing   f requency .  The r a p i d   a t t e n u a t i o n   c h a r a c t e r i s t i c s   o f   v o r t e x  
n o i s e   w i t h   i n c r e a s i n g   d i s t a n c e   f r o m   t h e   s o u n d   s o u r c e  i s  a l s o  
c l e a r l y   v i s i b l e .   F i g u r e  V - 2 8  i l l u s t r a t e s   t h e   v e r y  smooth 
v a r i a t i o n   i n   t h e   p e r c e i v e d   n o i s e   l e v e l   w i t h  t i m e  a t  a l l  s i x  
measu r ing   l oca t ions .   Th i s  i s  d u e   t o   t h e   f a c t   t h a t   t h e  tilt- 
r o t o r  r e m a i n s  i n   t h e   h e l i c o p t e r   c o n f i g u r a t i o n   f o r   t h e   d u r a t i o n  
o f   t h e   v e r t i c a l   d e s c e n t .  
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Steady H o r i z o n t a l   F l i q h t   F o l l o w e d   b y  Vertical  Descent:  
The   s econd   no i se   aba temen t   l and ing   p ro f i l e  wh2ch"is cons ide red  
i n   t h i s   r e p o r t  i s  g r a p h i c a l l y   i l l u s t r a t e d   i n   F i g u r e s  V-31 
through V-34. I t  has ,as   one  of  i t s  i n i t i a l   c o n d i t i o n s ,   t h e  
h o r i z o n t a l   d i s t a n c e  from t h e   l a n d i n g   p o i n t   w h i c h   r e s u l t s   f r o m  
f l y i n g   t h e   c o n s t r a i n e d   o p t i m a l   d e s c e n t   t r a j e c t o r y .   T h e r e f o r e ,  
t h e   r e s u l t i n g   t r a j e c t o r y   m u s t   p a s s   d i r e c t l y  over e a c h   n o i s e  
m e a s u r i n g   l o c a t i o n .  By d i r e c t l y   c o m p a r i n g   t h i s   s e c o n d   n o i s e  
a b a t e m e n t   p r o f i l e   w i t h   t h e  restricted o p t i m a l   t r a j e c t o r y ,  it 
is  p o s s i b l e  t o  e v a l u a t e   t h e   n o i s e   r e d u c t i o n   b e n e f i t s   w h i c h  
arise by a l t e r i n g   t h e   f l i g h t   p a t h   o f   t h e   t i l t - r o t o r  a i r c ra f t .  

S t e a d y   h o r i z o n t a l   f l i g h t  a t  3 , 0 0 0 - f o o t   a l t i t u d e   i n   t h e  
a i r c r a f t   c o n f i g u r a t i o n  a t  t h e  maximum l i f t - t o - d r a g   r a t i o   o f  
t h e   a i r c r a f t  i s  i n i t i a l l y   e s t a b l i s h e d   ( F i g u r e   V - 3 3 ) .  A t  a 
l a t e r  i n s t a n t   i n  time when t h e   h o r i z o n t a l   d i s t a n c e   b e t w e e n   t h e  
l a n d i n g   p o i n t   a n d   t h e   p o s i t i o n   o f   t h e  a i r c r a f t  has   been   reduced ,  
a maximum h o r i z o n t a l   d e c e l e r a t i o n   s e g m e n t  i s  i n i t i a t e d .   H o r i -  
z o n t a l   v e l o c i t y  decreases as t h e   c o n v e r s i o n   f r o m   a i r p l a n e   t o  
h e l i c o p t e r   c o n f i g u r a t i o n   o c c u r s .  The h o r i z o n t a l   a c c e l e r a t i o n  
i s  r e d u c e d   t o   z e r o  a t  t h e   i n s t a n t   i n  t i m e  when t h e   v e h i c l e   h a s  
a t t a i n e d   z e r o   h o r i z o n t a l   v e l o c i t y   d i r e c t l y   a b o v e   t h e   l a n d i n g  
s i t e  (Figure  V-34) .  A maximum v e r t i c a l   a c c e l e r a t i o n  maneuver 
i s  i n i t i a t e d   s l i g h t l y   b e f o r e   z e r o   h o r i z o n t a l   v e l o c i t y  i s  
achieved.  The r e s u l t i n g   f l i g h t   p a t h   ( F i g u r e  V-31) c u r v e s   t o  a 
p u r e   v e r t i c a l   d e s c e n t   s e g m e n t   i n   t h e  l a s t  4 4  s e c o n d s   o f   f l i g h t .  
Maximum v e r t i c a l   d e s c e n t  rates are m a i n t a i n e d   u n t i l   j u s t   b e f o r e  
touchdown.  The a p p l i e d  power i s  t h e n   i n c r e a s e d ,   t h u s   d e c r e a s i n g  
t h e   t e r m i n a l  ra te  o f   s ink  a t  touchdown. 

The l a s t  p o r t i o n   o f   t h i s   s e c o n d   n o i s e   a b a t e m e n t   p r o f i l e  
i s  i d e n t i c a l   t o   t h e   p r e c e d i n g   p u r e   v e r t i c a l   d e s c e n t  case. 
Because most of   the   measured   no ise  i s  g e n e r a t e d   i n   t h e  low 
s p e e d   r e g i m e   o f   t h e   h e l i c o p t e r   c o n f i g u r a t i o n ,  it i s  n o t   s u r -  
p r i s i n g   t o   n o t i c e   t h a t   n o i s e   c h a r a c t e r i s t i c s  of both  t ra jec-  
t o r i e s  are q u i t e  s imilar  (F igu res  V-27 and  V-31).  The  slow 
decay   o f   t he   ampl i tudes   o f   ro t a t iona l   no i se   w i th   f r equency   and  
t h e   r a p i d   a t t e n u a t i o n   o f   h i g h   f r e q u e n c y   v o r t e x   n o i s e   w i t h   d i s -  
t a n c e  i s  a p p a r e n t   i n   b o t h  cases. The t i m e  h i s t o r y   o f   p e r -  
c e i v e d   n o i s e  level (F igu re  V-32) f o r   e a c h   m e a s u r i n g   l o c a t i o n  
i l l u s t r a t e d   t h e  complex e f f ec t s   o f   pe r fo rmance   du r ing   conve r -  
s i o n   a n d   d i r e c t i v i t y .  The many "peaks   and   va l l eys ' '   i n   t hese  
cu rves  are d i r e c t l y   a t t r i b u t a b l e   t o   t h e s e   c o m p l i c a t i n g   f a c t o r s .  
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Maximum Per fo rmance   T ra j ec to ry   fo l lowed  by a Near Vertical 
Descent  (A  Nonoptimum Noise Performance  Descent) :  The t h i r d  
and l a s t  no i se   aba temen t   p ro f i l e   wh ich  i s  cons ide red  i s  i l l u -  
s t r a t e d   i n   F i g u r e s  V-35 through V-38. I t  i s  almost i d e n t i c a l  
t o  t h e   c o n s t r a i n e d   o p t i m a l   t r a j e c t o r y   w h i c h  was p r e s e n t e d   i n  
F i g u r e s  V-23 through V-26.  The o n l y   r e a l   d i f f e r e n c e   b e t w e e n  
t h e  t w o  t r a j e c t o r i e s  i s  t h a t   i n   t h i s  l a s t  t r a j e c t o r y ,  a n e a r  
z e r o  h o r i z o n t a l   v e l o c i t y  i s  m a i n t a i n e d   d u r i n g   t h e   l a s t   t e n  
s e c o n d s   o f   f l i g h t .   D u r i n g   t h i s  time i n t e r v a l ,   h i g h   r a t e s   o f  
s i n k  are s u s t a i n e d   b e c a u s e   t h e   a p p l i e d  power i s  a t  i t s  minimum 
a l l o w a b l e  l i m i t .  A n e a r   v e r t i c a l   f l i g h t   p a t h  i s  g e n e r a t e d   f o r  
t h e   l a s t  1 0 0 0  fee t  of   descent   (F igure   V-35) .   The   ava i lab le  
power i s  i n c r e a s e d   n e a r   t h e   t e r m i n a l   s t a g e   o f   d e s c e n t   i n   o r d e r  
t o  a c h i e v e   t h e  desired touchdown v e l o c i t y .  

The g e n e r a l   c h a r a c t e r i s t i c s   o f   t i l t - r o t o r   n o i s e   w h i c h   a r e  
g e n e r a t e d  by t h i s   f l i g h t   p r o f i l e  are v e r y   s i m i l a r   t o   t h e  
a c o u s t i c   c h a r a c t e r i s t i c s  of t h e  res t r ic ted  optimum t r a j e c t o r y .  
However, i n   t h i s   p r o f i l e ,   h i g h e r   a l t i t u d e s   n e a r  t h e  l and ing  
p o i n t   d o   s i g n i f i c a n t l y   r e d u c e   t h e   p r e d i c t e d   p e r c e i v e d   n o i s e  
l e v e l   a t   t h e   f i r s t  few  ground  loca t ions .   Unfor tuna te ly ,   no  
s i g n i f i c a n t   r e d u c t i o n   i n   n o i s e   l e v e l  was c a l c u l a t e d   a t  mea- 
s u r i n g   l o c a t i o n s   w h i c h   a r e   l o c a t e d  more than  a m i l e  away from 
t h e   l a n d i n g   p o i n t .  

I 
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MAXIMUM  PERFORMANCE  TRAJECTORY,  THEN  A  NEAR-VERTICAL  DESCENT 
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MAXIMUM PERFORMANCE TRAJECTORY, THEN A  NEAR-VERTICAL  DESCENT 
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MAXIMUM  PERFORMANCE  TRAJECTORY, 
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MAXIMUM  PERFORMANCE  TRAJECTORY,  THEN  A  NEAR-VERTICAL  DESCENT 
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Review and Assessment of t h e  Major Assumptions 
and  Computational  Techniques 

The r e su l t s   wh ich   have   been   p re sen ted  are rea l l , y   on ly  as 
good as the   per formance   and  acoustical  models  which were used 
t o  g e n e r a t e  them. T h e r e f o r e ,   t h i s   s e c t i o n  of t h e   r e p o r t   p r e -  
s e n t s  a c r i t i c a l  a s ses smen t   o f   t he  major assumptions  which were 
u s e d   i n   t h e i r   d e v e l o p m e n t .   F o r   t h e   p u r p o s e s  of t h i s   q u a l i t a -  
t i v e   a n a l y s i s ,   a n   a s s u m p t i o n  i s  cons ide red   t o   be   "ma jo r "  when 
it may s i g n i f i c a n t l y  a l t e r  t h e   f i n a l   r e s u l t s   p r e s e n t e d .  

The   deve lopment   o f   theore t ica l   mathemat ica l   per formance  
and acous t ic   models   o f  a p r o p o s e d   t i l t - r o t o r  a i r c r a f t  i s  admit-  
t e d l y  a d i f f i c u l t   t a s k .   F u l l - s c a l e   e x p e r i m e n t s   w h i c h   c o u l d   b e  
used t o   v e r i f y   t h e   p r e d i c t e d   c h a r a c t e r i s t i c s   o f   t h e   v e h i c l e  are 
n o t   r e a d i l y  avai lable .  However,  by u s i n g   e x i s t i n g   d a t a   f r o m  
model tests a n d   o t h e r   f u l l - s c a l e   d a t a   f r o m   v e h i c l e s   w h i c h  
e x h i b i t  similar c h a r a c t e r i s t i c s   t o   t h e   t i l t - r o t o r   a i r c r a f t   i n  
some mode o f   f l i g h t ,  a theo re t i ca l   pe r fo rmance -acous t i c   mode l  
of a t i l t - r o t o r   a i r c r a f t  was developed.   Because  experimental  
f u l l - s c a l e   r e s u l t s   c o u l d   n o t   b e   c h e c k e d ,   t h e   r e s u l t s   w h i c h  are 
p r e s e n t e d  more t h a n   l i k e l y   c o n t a i n  some e r r o r s .  However, t h e  
bas i c   r e l a t ionsh ips   be tween   t he   no i se   and   pe r fo rmance   t r ade -  
o f f s  are t h o u g h t   t o   b e  correct. T h e r e f o r e ,  it has   been   poss ib l e  
t o  draw some p r e l i m i n a r y   c o n c l u s i o n s   a b o u t   t h e   e f f e c t i v e n e s s  of 
c h a n g i n g   t h e   f l i g h t   p a t h   p r o f i l e  t o  maximize t i l t - r o t o r   p e r -  
formance  and/or t o   r e d u c e   t h e   n o i s e   m e a s u r e d   n e a r   t h e   l a n d i n g  
p o i n t .  

Performance  Model. - A l t h o u g h   a c c e l e r a t i o n s   p a r a l l e l  and 
p e r p e n d i c u l a r   t o   t h e   f l i g h t   p a t h   h a v e   b e e n   u s e d   t o  bound t h e  
p e r m i s s i b l e   f l i g h t   e n v e l o p e   o f   t h e   t i l t - r o t o r   a i r c r a f t ,   t h e y  
h a v e   n o t   b e e n   u s e d   d i r e c t l y   i n   t h e   p e r f o r m a n c e   e q u a t i o n s .  I t  
has   been   assumed  tha t  a k inemat ic   per formance   model   p red ic t s  
a d e q l l a t e l y   t i l t - r o t o r   p e r f o r m a n c e .   T h e r e f o r e ,   t h e  power 
expended when t h e   v e h i c l e  i s  acce le ra t ing   f rom  one   equ i l ib r ium 
set  of o p e r a t i n g   c o n d i t i o n s   t o   a n o t h e r  i s  i n   e r r o r .  However, 
it i s  a n a l y t i c a l l y  shown i n  Appendix D t h a t   t h i s   e r r o r  i s ,  i n  
a l l   p r o b a b i l i t y ,  small and   can   be   neglec ted   for  a l l  p r a c t i c a l  
pe r fo rmance   cons ide ra t ions .   Acce le ra t ions   o f  less t h a n ,   o r  
e q u a l   t o ,   . 2 5 g   i n s u r e   t h a t   i n  a l l  f l i g h t   t r a j e c t o r i e s   o f  
i n t e r e s t ,   t h e  power r e q u i r e d   t o   a c c e l e r a t e   t h e   a i r c r a f t   r e p r e -  
s e n t s   o n l y  a small f r a c t i o n   o f   t h e   t o t a l .  The a s sumpt ion   t ha t  
a c c e l e r a t i o n s   d o   n o t   d i r e c t l y   a f f e c t   t h e   b a s i c   f o r c e   b a l a n c e  
e q u a t i o n s   a l s o   h a s  some a c o u s t i c a l   i m p l i c a t i o n s .   I n a c c u r a t e  
t h r u s t  and  drag  computat ions w i l l  produce some i n a c c u r a c i e s   i n  
t h e   c a l c u l a t e d   n o i s e .  However, because   mos t   o f   t he   ca l cu la t ed  
n o i s e  i s  produced when t h e   r o t o r   t h r u s t - t o - w e i g h t   r a t i o  i s  
l a r g e ,   t h e   r e l a t i v e l y  small d i f f e r e n c e   b e t w e e n   t h e   t h r u s t  
r e q u i r e d   i n   e q u i l i b r i u m   f l i g h t   a n d   t h a t   r e q u i r e d   i n  accelera- 
t i n g   f l i g h t   c a u s e  small changes i n   t h e   f r e q u e n c y   c o n t e n t   a n d  
o v e r a l l   l e v e l   o f   t h e   c a l c u l a t e d   s o u n d  (less than  2dB i n  most 
cases. 
1 2 0  



The descent   performance  of  t he  t i l t - r o t o r  aircraft vas 
g o v e r n e d   e n t i r e l y  by  performance limits. Unfo r tuna te ly ,  the  
t h e o r e t i c a l   p e r f o r m a n c e   m o d e l   p r e s e n t e d   i n  t h i s  report does 
n o t   r e p r e s e n t   a n   i n - d e p t h   s t u d y   o f  those limits. E x i s t i n g  
t echn iques  were employed t o  p r e d i c t ,  as w e l l  as p o s s i b l e ,  
t h o s e  c r i t i ca l  c o n s t r a i n t s   w h i c h   g o v e r n   t i l t - r o t o r   d e s c e n t  per- 
formance.  But,  more r e f i n e d   a n a l y s i s   a n d   p r e d i c t i o n   t e c h n i q u e s  
w i l l  undoubtedly  change t h e  magnitude of these ve ry   impor t an t  
c o n s t r a i n t s .  However, the basic c h a r a c t e r  of t he  rate of s i n k  
v e r s u s   f o r w a r d   v e l o c i t y   c u r v e  w i l l  r ema in   t he  same. There fo re ,  
t h e   r e s u l t s   w h i c h   h a v e   b e e n   p r e s e n t e d  do i n d i c a t e   t h e   b e n e f i t s  
t h a t   c a n  be e x p e c t e d   f r o m   f l i g h t   p a t h   c o n t r o l .   T h i s   s t u d y   h a s  
n o t   a t t e m p t e d   t o   c o n s t r a i n  t i l t - ro tor  descen t   pe r fo rmance  by 
p i lo t   work load   and  a i rcraf t  h a n d l i n g   q u a l i t i e s   a n d  a q u a n t i t a -  
t i v e   d e s c r i p t i o n  of d e s c e n t   t r a j e c t o r i e s  w i l l  await a more 
p r e c i s e   d e s c r i p t i o n  of t h e   t i l t - r o t o r ' s   c o n s t r a i n t s .  

For s i m p l i c i t y   i n   t h e   d e v e l o p m e n t   o f   t h e   k i n e m a t i c   p e r -  
formance model, t h e  flap d e f l e c t i o n   a n g l e  and the w i n g - l i f t  t o  
a i r c r a f t - w e i g h t   r a t i o  were programmed t o  be a f u n c t i o n   o f   h o r i -  
z o n t a l   v e l o c i t y .  These t w o  i n n e r   l o o p   c o n t r o l s  were chosen t o  
approximate t h e  minimum power  required  of  t h e  t i l t - r o t o r   i n  
s t e a d y   l e v e l  f l i g h t .  However, these c o n t r o l   s e t t i n g s  are 
d e f i n i t e l y   n o t   o p t i m a l   i n   t a k e o f f  f l i g h t .  High r a t e s   o f  climb 
create s ign i f i can t   downloads  a t  low forward  speeds which 
degrade   pe r fo rmance .   Fo r tuna te ly ,   on ly   sho r t   pe r iods   o f  t i m e  
are s p e n t   u n d e r   t h e s e   f l i g h t   c o n d i t i o n s .   T h e r e f o r e ,   g r o s s  
e r r o r s   i n   t h e   d e t e r m i n a t i o n   o f  optimum f l i g h t   p r o f i l e s   a r e  
u n l i k e l y .  More o p t i m a l   t r a j e c t o r i e s   c o u l d  be de termined  numer- 
i c a l l y  by o p t i m i z i n g   a l l   f o u r   i n d e p e n d e n t   c o n t r o l   v a r i a b l e s  
(n, E, 6 f ,  8). However, the  problem  immediately  becomes  an 
o r d e r  of magn i tude   more   d i f f i cu l t .  

Acous t i c  Model. - Many s impl i fy ing   assumpt ions   have   been  
made which may a f f e c t   t h e   a c o u s t i c   r e s u l t s   w h i c h   h a v e   b e e n  pre- 
sen ted .  Many-of these  assumptions  have  been made because  a- 
more   accu ra t e   ma themat i ca l   r ep resen ta t ion  of t i l t - r o t o r   n o i s e  
d o e s   n o t   p r e s e n t l y   e x i s t .   T h e r e f o r e ,   t h e   p r e c e d i n g   a c o u s t i c  
r e s u l t s   s h o u l d  be i n t e r p r e t e d  as t r ends   and   shou ld   no t   be   con -  
sidered t o   r e p r e s e n t   a b s o l u t e  sound levels. 

It has  been assumed t h a t   r o t o r   h a r m o n i c   l o a d i n g  i s  depen- 
d e n t  upon the  ro tor ' s  o p e r a t i n g  state- An e m p i r i c a l   r e l a t i o n  
be tween   t hese   ope ra t ing  states and a harmonic  " loading l a w "  was 
d e r i v e d  based upon a limited amount of p r e l i m i n a r y  data. T h i s  
l oad ing  l a w  was used  t o  p r e d i c t  the r o t a t i o n a l   n o i s e   w h i c h  was 
p r o d u c e d   b y   t h e   t i l t - r o t o r  aircraft. More a c c u r a t e   p r e d i c t i o n  
of r o t a t i o n a l   n o i s e  i s  dependent   upon  fur ther   improvements   in  
r o t o r   h a r m o n i c   l o a d i n g   p r e d i c t i o n .  

The e m p i r i c a l   r e l a t i o n   w h i c h  was used i n   t h i s   r e p o r t  t o  
p r e d i c t   v o r t e x   n o i s e  i s  c u r r e n t l y   u n d e r   i n v e s t i g a t i o n .  Ita 
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validity  has  been  seriously  questioned  at  small  values of 
thrust. However,  because  most of the  acoustic  results  which 
have  been  presented  are  calculated  under  high  thrust  condi- 
tions,  this limitation~is not considered to be too  serious. 

Subjective  Assessment  of  Rotor  Generated  Noise. - The 
perceived  noise  level  (PNdB)  and  the  effective  perceived  noise 
level  (EPNdB)  are  the  two  subjective  assessments of VTOL annoy- 
ance  which  are  employed  in  this  report. An endorsement  of 
these  subjective noise,measures is  not  intended.  They  are 
simply a commonly  employed  measure  of  annoyance. 

Functional  Expansion  Approach  Applied to Trajectory 
Optimization  Problems.1- The application  of  AESOP to determine 
optimum  trajectories of the  kinematic  trajectory  model of  the 
tilt-rotor  aircraft  was  more  difficult  than  originally  antici- 
pated. Large amounts  of  computer  time were  expended  as  each 
iteration of AESOP  gained  very  small  increases  in  performance. 
Fortunately, many-of the  optimum  trajectories  could  be  located 
within  engineering  accuracy  by  using  the  graphical  arguments 
which  were  outlined  iniAppendix D. Some  of  the  hypotheses  con- 
cerning  the  reasons  why  AESOP  did  not  always  efficiently 

discussed  below. 
.optimize this  parametric  trajectory  optimization  problem  are 

I 
AESOP  is  basically a parameter  optimization  subroutine. 

In order  to  optimize t$e kinematic  tilt-rotor  mathematical  per- 
formance  model,  the  optimization  problems  were  formulated as 
parameter  optimization 1 problems. A functional  expansion of 
both  independent  control  variables n,(t) and ii(t)  as a Fourier 
series  with a finite  nymber  of  coefflcients  was  employed.  (See 
Section IV, eqs. IV-2 and  IV-3). A Fourier  series  was  chosen 
because it possesses  the  property  of  orthogonality and  the 
ability to represent  sparp  corners  in  control  space  with a 
reasonable  number  of  harmonic  constraints.  Performance  in- 
equality  constraints  consist  of  control  bounds  which  are a 
function  of  time  only.  When  the  Fourier  series  expansion  of 
the  control  time  histories  violated  an  inequality  constraint, 
the  value  of  the  constraint  was  directly  used  as  the  allowed 
control  time  history.  ITerminal  boundary  conditions  upon  the 
state  were  enforced by  addinq a weighted  penalty  function 
directly to the  performance index. 

The Fourier  coefficients  of the functional  expansion  were 
not independent  of  onelanother.  Changes  in  one  coefficient 
directly  affected the optimum  choice  of  other  coefficients. 
However,  the  magnitudelof  the  higher  order  coefficients  began 
to decrease,  indicating  that  only  four  terms of each  control 
function  were  adequate  to  represent  the  optimal  tilt-rotor 
takeoff  trajectory.  Unfortunately,  no  mathematical  criteria 
was  available to judge1 whether  this  observation is quantita- 
tively  correct. I 
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The d e t e r m i n a t i o n  of optimum l a n d i n g   t r a j e c t o r i e s  was 
more d i f f i c u l t   t h a n   t h a t   o f   t a k e o f f .   E x c e s s i v e   c o m p u t e r  time 
was r e q u i r e d   t o   d e t e r m i n e  trajectories which, i n  some cases, 
were less op t ima l   t han   t hose   computed   by   fo l lowing   t he   con t ro l  
time h i s t o r i e s   s u g g e s t e d   i n   A p p e n d i x  D- The a p p a r e n t   l a c k  of 
s u c c e s s  of t h i s   a p p r o a c h  i s  b e l i e v e d   t o   b e   c a u s e d   b y  two 
factors: t h e  minimum time c o n s t r a i n t   s u r f a c e   ( t h e   r a t e  of 
sink curve ,  see F i g u r e   1 1 - 1 5 ) e x h i b i t s   t h r e e   p o s s i b l e   l o c a l  
minima;  and t h e   c o n t r o l  time h i s t o r y   f r e q u e n t l y   i n t e r s e c t e d  
c o n t r o l   i n e q u a l i t y   c o n s t r a i n t s .   B o t h   o f  these f a c t o r s   c o m p l i -  
c a t e d   t h e  optimum per formance   problem  to  the  p o i n t  where t h e  
f u n c t i o n a l   e x p a n s i o n   a p p r o a c h   d i d   n o t   a p p e a r   t o   c o n v e r g e .  
Only s l i g h t   d e c r e a s e s  i n  t h e  magn i tude   o f   t he   h ighe r   o rde r  
e x p a n s i o n   c o e f f i c i e n t s  were noted .   Fur thermore ,   each  optimum 
e x p a n s i o n   c o e f f i c i e n t   a p p e a r e d   t o   b e   v e r y   s e n s i t i v e   t o   t h e  
opthum v a l u e s   d e t e r m i n e d   f o r   t h e   o t h e r   c o e f f i c i e n t s .  

A b e t t e r  method t o   l o c a t e  optimum l a n d i n g   t r a j e c t o r i e s  was 
u s e d   t o w a r d   t h e   c l o s i n g  stages of t h i s  work.  Engineering  judg- 
m e n t  and i n s i g h t  was f i r s t   u s e d   t o   e s t i m a t e   t h e   c o n t r o l  time 
h i s t o r i e s   o f   t h e  optimum t r a j e c t o r i e s .  Once t h i s  f irst  
estimate was found,  t h e  func t iona l   expans ion   approach ,   t oge the r  
w i th  AESOP were used   t o   improve   t he   e s t ima te   o f   t he   op t ima l  
t ra jectory.   Convergence  to   an  opt imum,  a l though  not   spec-  
t a c u l a r ,  was  improved. 

I n   q e n e r a l ,  it i s  d e f i n i t e l y   a t t r a c t i v e   t o   b e   a b l e   t o   u s e  
a g e n e r a l i z e d   o p t i m i z a t i o n   t o o l   l i k e  AESOP t o   s o l v e   o p t i m i z a -  
t i on   p rob lems   because  t h e  programming task is  cons ide rab ly  
lessened. Howeverc because  the p e c u l a r i t i e s   o f   e a c h   s p e c i f i c  
probLem fo rmula t ion   have   no t   been   i nc luded   i n  the  o p t i m i z a t i o n  
p rocedure ,   r a the r   l ong   compute r  times a r e   t o  be expec ted .  
Fur thermore ,  i f  the per fo rmance   su r f ace  is not  smooth  and w e l l  
behaved ,   and   add i t iona l   i nequa l i ty   cons t r a in t s   mus t   a l so   be  
e n f o r c e d ,   c o n s i d e r a b l e   d i f f i c u l t y  may be expe r i enced  i n  f i n d i n g  
optimal t r a j \ e c t o r i e s .  

VI. CONCLUSIONS AND RECOMMENDATIONS 

I. S y s t e m   s t u d i e s  of n o i s e  and  performance  emphasize  and 
e x p l o r e   t h e   b a s i c   t r a d e o f f s   w h i c h  are p o s s i b l e  w i t h  proposed 
VTOL a i r c r a f t .  They i n d i c a t e   p o t e n t i a l   o p e r a t i o n a l  and des ign  
methods t o  improve  overal l   system  performance.  

2. Sign i f i can t   no i se   r educ t ions   ( compared  with opt imal -  
p e r f o r m a n c e   t r a j e c t o r i e s )  can b e   o b t a i n e d   b y   c o n t r o l l i n g   t h e  
f l i g h t   p a t h   o f  VTOL a i r c r a f t   n e a r   t h e   t e r m i n a l  area. For t h e  
t i l t - ro tor  a i r c r a f t   c o n s i d e r e d   i n   t h i s   r e p o r t ,  a r e d u c t i o n  of 
up t o  7 EPNdB i s  r e a l i z e d   d u r i n g   t a k e o f f  ( a t  g round   pos i t i ons  
l o c a t e d   c l o s e   t o   t h e   t a k e o f f   p o i n t )  i f  a n   a l m o s t - v e r t i c a l  
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f l i g h t   p r o f i l e  i s  flown. Up t o  a 10-EPNdB r e d u c t i o n   d u r i n g  
l a n d i n g  i s  also p o s s i b ~ l e  t h r o u g h   f l i g h t   p a t h   c o n t r o l .  

3. Noise-abatemeLt t r a j e c t o r i e s  may s i g n i f i c a n t l y   i n -  
crease b o t h   t h e  time pf f l i g h t  and t o t a l   f u e l  consumed d u r i n g  
t akeof f   and   l and ing .   However ,   because   t he   t i l t - ro to r  i s  
b a s i c a l l y  a low-power-poading a i r c r a f t ,   t h e   t o t a l   f u e l  con- 
sumed i s  on ly  a small F r a c t i o n   o f   t h e  a i r c ra f t ' s  u s e f u l   l o a d .  

4. The h i g h e s t   l e v e l  of n o i s e   g e n e r a t e d   b y   t h e   t i l t - r o t o r  
a i r c r a f t   o c c u r s   i n   t h e '   h e l i c o p t e r  mode o f   f l i g h t   w h e r e   t h e  
t h r u s t  i s  t h e   l a r g e s t .  ~ Fur the rmore ,   t hese   h igh   t h rus t ing   con-  
d i t i o n s  are g e n e r a t e d   i n   c l o s e   p r o x i m i t y   t o   t h e   t a k e o f f   a n d  
l a n d i n g   p o i n t s .  For example, i n   t h e  "minimum time t o  climb 
t o  3000 f e e t "   ( F i g u r e  V - 3 ) ,  t h e   p e r c e i v e d   n o i s e   l e v e l   a t   a l l  
measu r ing   l oca t ions  i s '  g r e a t e r   t h a n  1 0 0  PNdB when t h e   a i r c r a f t  
i s  less t h a n  2000 f e e t  f rom  the  takeoff   point   and  below 1 0 0 0  
f e e t   i n   a l t i t u d e .  

5 .  I n c r e a s i n g   t h b   a p p l i e d  power d u r i n g   t a k e o f f   e f f e c t i v e l y  
d e c r e a s e s   t h e   n o i s e  1e;vel hea rd  on the   g round  by  more r a p i d l y  
i n c r e a s i n g   t h e   d i s t a n c e   b e t w e e n   t h e   s o u n d   s o u r c e  and t h e  
o b s e r v e r .   A l t h o u g h   t h e   n o i s e   i n i t i a l l y   i n c r e a s e s   s l i g h t l y  a t  
t h e s e   h i g h e r  power l e v e l s ,   t h e   i n c r e a s i n g   d i s t a n c e   r e s u l t i n g  
f r o m  h i g h e r   i n t e g r a t e d   r a t e s   o f   c l i m b   d o m i n a t e s .   I n c r e a s i n g  
t h e   a p p l i e d  power d u r i n g   t a k e o f f  a lso r e d u c e s   t h e   t o t a l   f u e l  
and time r e q u i r e d   t o   a g t a i n  a s p e c i f i e d   a l t i t u d e .  

6.  Parametric opb imiza t ion   t echn iques   can   mos t   ea s i ly   be  
a p p l i e d   t o   d y n a m i c   o p t i m i z a t i o n   p r o b l e m s   i f   r e l a t i v e l y  few 
i n e q u a l i t y   c o n s t r a i n t s '   a r e   e n f o r c e d .   I n t r o d u c i n g   t h e s e  con- 
s t r a i n t s   s i g n i f i c a n t l y , r e d u c e s   t h e  r a t e  of  convergence t o  a 
g l o b a l  optimum. 

7. T o  q u a n t i t a t i v e l y   d e f i n e   o p t i m a l - l a n d i n g - p e r f o r m a n c e  
t ra jector ies ,  an   accura te   assessment   o f  a VTOL's r a t e - o f -  
d e s c e n t   b o u n d a r i e s  i s  r e q u i r e d .  A t  t h e   p r e s e n t  t i m e ,  addi -  
t i o n a l   e x p e r i m e n t a l   a n d   t h e o r e t i c a l   e f f o r t s  are n e c e s s a r y   t o  
more c l e a r l y   d e f i n e   t h e   d e s c e n t   l i m i t a t i o n s   o f   t h e   t i l t - r o t o r  
a i r c r a f t .  

8. C o n t i n u i n g   t h k o r e t i c a l   a n d   e x p e r i m e n t a l   r e s e a r c h  i s  
n e e d e d   t o   i m p r o v e   q u a n F i t a t i v e   p r e d i c t i o n s   o f   p r o p - r o t o r   n o i s e .  
I n   p a r t i c u l a r ,  a more t h o r o u g h   a n a l y s i s  and v e r i f i c a t i o n   o f   t h e  
i n f l u e n c e o f t h e  r o t o r ' s  o p e r a t i n g  s t a t e  o n   n o i s e   g e n e r a t i o n  i s  
r e q u i r e d .  

9 .  Me thods   o f   p r ' ed i c t ing   sub jec t ive   r e sponse   t o  rotor  
no i se   war ran t   con t inue ld   r e sea rch  so  t h a t  a better means of  
e s t a b l i s h i n g  far-f ie ld  s u b j e c t i v e   a c o u s t i c  c r i te r ia  f o r  
r o t a r y - w i n g   a i r c r a f t  are provided .  
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APPENDIX A 

DESIGN CHARACTERISTICS OF THE 
"VERTOL 1 6 0 "  TILT-ROTOR AIRCRAFT 

Rotor .  - 

Number of   Blades   per   Rotor  
Rotor  Diameter 
S o l i d i t y  a t  0.75R 
Disc Loading 
Tip  Speed 
Ro ta t iona l   F requency  

Wing. - 
Area 
A i r f o i l  
Aspec t   Ra t io  
Wing Loading 
Span 

H o r i z o n t a l  T a i l .  - 

Area 
A i r f o i l  
Aspec t   Rat io  
Span 

Vertical Ta i l .  - 
Area 
A i r f o i l  
Aspec t   Ra t io  
Span 

Weight. - 
Gross  Weight 

Weight Empty 
Fixed   Usefu l  Load 
Fue 1 
Payload 

3 
55 f t  

0.0857 
9.7 l b / f t 2  

750 f p s  
27 r a d i a n s / s e c  

585 f t 2  

7.9 
80  l b / f t 2  

67.8 f t  

NACA 634421(Modif ied)  

212.5 f t 2  
NACA 0015 

4 . 2 4  
30.0 f t  

138 f t 2  
NACA 0015 

1 . 0 2  
1 1 . 6 7  f t  

46 200 l b  
29 220 l b  

669  l b  
4 3 1 1   l b  

1 2  000  l b  

P r o p u l s i o n   C h a r a c t e r i s t i c s .  - 
Number of Engines 2 
Type  of  Engines  Lycoming LTC4B-12 
Max. Rated  hp (S ta t ic )  a t  S.L. S t d .  4450 hp/engine 
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APPENDIX B 

NUMERICAL SOLUTION O F  THE 
KINEMATIC PERFORMANCE  EQUATIONS 

A s o l u t i o n  t o  the k inemat i c   pe r fo rmance   equa t ions  (eqs. 
11-47 t o  11-55) i s  complicated  by two major f a c t o r s .  The so lu -  
t i o n ,  i f  it e x i s t s ,  may or  may not   be   un ique   due  t o  t h e  non- 
l i n e a r   n a t u r e  of the   per formance   equat ions .   Secondly ,  some of  
t h e  unknowns a p p e a r   i m p l i c i t l y   i n   t h e   p e r f o r m a n c e   e q u a t i o n s ;  
t h e r e f o r e ,  it i s  i m p o s s i b l e   t o   a n a l y t i c a l l y  solve f o r  some 
unknowns i n  terms of o t h e r  known variables. I terat ive so lu -  
t i o n   t e c h n i q u e s  are r e q u i r e d .  

F o r t u n a t e l y ,  a s o l u t i o n  t o  t h e s e   e q u a t i o n s   c a n   b e  
approached   i n  a ve ry   s t r a igh t fo rward   manner .  The d i f f e r e n t i a l  
a n d   a l g e b r a i c   e q u a t i o n s  are conceptua l ly   uncoupled  from one 
ano the r .  A t  t h e  first i n s t a n t   i n  t i m e ,  t h e  algebraic perform- 
ance   equa t ions  are i t e r a t i v e l y  solved. The d i f f e r e n t i a l  equa- 
t i o n s  are t h e n   n u m e r i c a l l y   i n t e g r a t e d  t o  the  n e x t   p o s i t i o n   i n  
time a n d   t h e   a l g e b r a i c   e q u a t i o n s  are a g a i n   i t e r a t i v e l y   s o l v e d .  
The i n i t i a l   v a l u e s   c h o s e n   f o r   t h e  new i t e r a t i o n  are the f i n a l  
v a l u e s   o f   t h e   p r e v i o u s   o n e .   T h i s   p r o c e d u r e   c o n t i n u e s   u n t i l  
t h e   c h o s e n   t e r m i n a l   c o n d i t i o n  i s  sat isf ied.  A concep tua l   b lock  
d i a g r a m   o f   t h i s   s o l u t i o n   p r o c e d u r e  i s  p r e s e n t e d   i n   F i g u r e  B-1. 

CALCULATION ITERATIVE SOLUTION 
OF CONTROL OF THE ALGEBRAIC 

INPUTS PERFORMANCE EQS. M CONDITIONS 
L 1 

A STOPPING 

\CHECK/"SToP C O N D I T I O N  SATISFIED 

INTEGRATION O F  

F i g u r e  B-1 
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Many wel l -known  subrout ines   ex is t   which  w i l l  i n t e g r a t e  
a system  of  first o r d e r   d i f f e r e n t i a l   e q u a t i o n s  t o  a s p e c i f i e d  
deg ree   o f   accu racy  (ref. 3 0 ) .  For s i m p l i c i t y ,  a t r a p e z o i d a l  
r u l e   i n t e g r a t i o n   r o u t i n e  i s  u s e d   i n   t h i s   a n a l y s i s .  A more 
a c c u r a t e   d e t e r m i n a t i o n   o f   t h e  a i r c ra f t ' s  f l i g h t   p a t h  may be  
o b t a i n e d  by u s i n g  a h i g h e r   o r d e r   i n t e g r a t i o n   s u b r o u t i n e .  

The d r a g ,  lift, CL, momentum and  power  balance  equat ions 
must   be solved a t  each  discrete t i m e  s t e p  by i t e r a t ive  t ech -  
n i q u e s .   T h e s e   f i v e   a l g e b r a i c   e q u a t i o n s   i n   t e n  unknowns are 
f u n c t i o n a l l y   r e p r e s e n t e d   b y   e q s .  11-47  -f 51. A t  a n   i n s t a n t   i n  
time, t h e  s ta te  v a r i a b l e  H i s  s p e c i f i e d   a l o n g   w i t h   t h e   f o u r  
c o n t r o l   v a r i a b l e s ,   u ,  n C ,  8 ,  6 f .  The r e m a i n i n g   f i v e  unknowns 
are o b t a i n e d  by i t e r a t i v e l y   s o l v i n g   t h e   f i v e   g o v e r n i n g   a l g e b r a i c  
e q u a t i o n s .  

- 

A n u m e r i c a l   s o l u t i o n  i s  f a c i l i t a t e d  by m a k i n g   t h e   f o l l o w i ~ g  
a s sumpt ion :   t he   power   con t ro l   on ly   i n f luences   t he  ra te  of   c l imb 
or s i n k   o f   t h e  a i r c ra f t .  T h i s   s i m p l i f i c a t i o n   a l l o w s   t h e  power 
e q u a t i o n  t o  be  uncoupled  f rom  the t w o  f o r c e - b a l a n c e   e q u a t i o n s ,  
t h e  CL e q u a t i o n ,   a n d   t h e  momentum e q u a t i o n .  

The j u s t i f i c a t i o n   f o r   a s s u m i n g   t h a t   t h e   a p p l i e d  power on ly  
i n f l u e n c e s   t h e   s t e a d y - s t a t e  rate of cl imb i s  made on p u r e l y  
p h y s i c a l   g r o u p d s .  If t h e   h o r i z o n t a l   v e l o c i t y  i s  s p e c i f i e d  
a l o n g   w i t h   t h e   f l a p   a n d   a t t i t u d e   a n g l e s ,   a n   i n c r e a s e   i n   a p p l i e d  
e n e r g y   p e r   u n i t  time m u s t   r e s u l t   i n   a n   a d d e d   r a t e   o f   c l i m b .  
Notice t h a t  if t h e   v a r i a b l e s  and Y had   been   r e t a ined   a s   con -  
t r o l  variables, t h e n   a n   i n c r e a s e   i n   t h e   a p p l i e d  power a t  a 
chosen   ve loc i ty   i n   nea r -hove r ing   cond i t ions   wou ld   neve r   a l l ow 
a p o w e r   b a l a n c e   t o   e x i s t .  The t o t a l  v e l o c i t y   v e c t o r ,  f7, would 
c o n s t r a i n   t h e  power a v a i l a b l e   c o n t r o l ,  qc .  Thus ,   the  assump- 
t i o n   t h a t   b o t h   c o n t r o l s   a r e   i n d e p e n d e n t  would  no  longer  be 
v a l i d .   T h e r e f o r e ,  it i s  n e c e s s a r y   t o   i n t r o d u c e   t h e   v a r i a b l e  W 
a n d   t h e   i n d e p e n d e n t   c o n t r o l   v a r i a b l e  ii. 

The i n d e p e n d e n t   c o n t r o l   v a r i a b l e s   o f   t h e   f i v e   a l g e b r a i c  
per formance   equat ions  are E, n c ,  8 ,  and 6 f .  A d i a g r a m a t i c  
s k e t c h  of how a s o l u t i o n  i s  found i s  g i v e n   i n   f i g .  B-2. The 
i t e r a t i o n   p r o c e d u r e  i s  d e c o u p l e d   i n t o  two loops :   an   inner  
l o o p   w h i c h   s a t i s f i e s   t h e   t w o   f o r c e   b a l a n c e   e q u a t i o n s ,   t h e  CL 
equa t ion ,   and   t he  momentum e q u a t i o n ;  and  an  outer  loop  which 
s a t i s f i e s   t h e  power b a l a n c e   e q u a t i o n .  

I f   a n  estimate of t h e  ver t ical  v e l o c i t y  (G) i s  made, an 
inne r   l oop   so lu t ion   can   be   found  by i t e r a t i v e l y   s o l v i n g   t h e  
a lgeb ra i c   s t eady- s t a t e   pe r fo rmance   equa t ions .   Because   t he  
c o n t r o l   v a r i a b l e s  ii, 8 ,  and 6 f  are s p e c i f i e d ,  a s o l u t i o n   t o  
t h e   f o u r   e q u a t i o n s   i n   f o u r  unknowns can  be  found. 
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The  power b a l a n c e   e q u a t i o n  i s  d e p i c t e d   i n   t h e   o u t e r   l o o p  
of F i g u r e  B-2. A Newton-Raphson procedure  i s  used t o  improve 
t h e   g u e s s  of t h e   v e r t i c a l   v e l o c i t y ,  w ,  u n t i l   t h e  power e q u a t i o n  
(eq.  11-51) is s a t i s f i e d .  The  Newton-Raphson a l g o r i t h m   f o r  
t h i s  scalar becomes 

- 

- - 
Wnew - Wold 

where = -y/(af5/a")  1 .  

- + AG 

The p a r t i a l   d e r i v a t i v e   a f 5 / a F l  is eva lua ted   numer i ca l ly .  When 
Aw -f 0 or  Y -f 0 ,  a s o l u t i o n   t o  a l l  f i v e   a l g e b r a i c   p e r f o r m a n c e  
e q u a t i o n s  i s  ob ta ined .  
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APPENDIX C 

SOLUTIONS  OF THE MOMENTUM 
EQUATION  IN  NONAXIAL  FLIGHT 

In Section I1 of  this  report,  it  was  pointed out that 
finding  numerical  solutions to the  five  kinematic  algebraic 
performance  equations  became  difficult at high  rates  of  sink 
and small  horizontal  velocities. The difficulty  may  be  traced 
to the  nonlinear  characteristics  of  the  momentum  equation  in 
this  regime.  An  explanation  of  these  numerical  solution  diffi- 
culties  is  presented  in  this  appendix. 

The momentum  equation  (eq.  (eq  (11-1))  for  nonaxial  flight 
of a  prop-rotor  in  propulsive  flight  is  developed  in  Section 
11. It is  rewritten  below  in  nondimensional  form. 

where 
- 
V = V/Vrl v = V/Vrl AT = T/Wl and V, = J W / 2 p A .  

This  equation  relates  the  thrust-to-weight  ratio  (AT) to 

- 

the  nondimensional  induced  velocity ( V ) l  the  axial  velocity (v cos ( c x ~ ) ) ~  and  the  translational  velocity (7 sin(ap))  of 
the  prop-rotor.  Figure C-1 illustrates  how  these variables 
are  geometrically  related. 

\ \ 
PROP-ROTOR 
DISC PLANE 

Figure C - 1  
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The  locus of p o s s i b l e   s o l u t i o n s  t o  t h e  momentum e q u a t i o n  
f o r  A T  = 1 . 0  and 7 > 0 i s  p r e s e n t e d   i n   F i g u r e  C-2. Each  solu- 
t i o n  was found by g r a p h i c a l  t r ial  and error t e c h n i q u e s .  

- 5  - 4  - 3  -2 

- 5  

- 
V 

" 4 

" 3 

a -  2 

0 1 2 

F i g u r e  C-2 

I f   t h e   a x i a l   v e l o c i t y   o f   t h e   r o t o r  i s  p o s i t i v e  ( i . e . ,  v c o s ( a  ) > 0 ) ,  o n l y   o n e   s o l u t i o n  i s  p o s s i b l e   f o r  a g iven  
t r a n s l a f i o n a l   v e l o c i t y .  However, i f  t h e  a x i a l   v e l o c i t y   o f   t h e  
r o t o r  becomes s u f f i c i e n t l y   n e g a t i v e  and t h e   t r a n s l a t i o n a l   v e l o -  
c i t y  of t h e   p r o p - r o t o r  is  s m a l l  (v s i n   ( a p )  < 1 . 0 )  , m u l t i p l e  
s o l u t i o n s   t o   t h e  momentum e q u a t i o n   e x i s t .  

The r e g i m e   w h e r e   m u l t i p l e   s o l u t i o n s   t o   t h e  momentum equa- 
t i o n   e x i s t   p l a y s   h a v o c   w i t h   t h e  Newton-Raphson i t e r a t i o n   p r o -  
cedure .   Th i s   numer i ca l   a lgo r i thm may f ind  any  one  of  t h e  pos- 
s i b l e   r o o t s   t o   t h i s   e q u a t i o n   a t  any  given t i m e .  I n  most cases 
of i n t e r e s t ,   o n l y   o n e   r o o t   h a s   a n y   p h y s i c a l   s i g n i f i c a n c e .  How- 
e v e r ,   t h e   p a r t i c u l a r   r o o t   w h i c h  i s  found i s  l e f t   t o  chance   i n  
t h i s   m u l t i p l e   s o l u t i o n   r e g i m e .  I t  i s ,  t h e r e f o r e ,   d e s i r a b l e   t o  
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l o c a t e  and  avoid t h e  r eg ime   where   mu l t ip l e   so lu t ions  are 
p o s s i b l e .  

The   locus   o f   po in ts   where   convergence   o f   the  Newton- 
Raphson a l g o r i t h m  was n o t   a t t a i n e d  i s  i l l u s t r a t e d   i n   F i g u r e  
C-3. T h i s   f i g u r e  i s  r e p l o t t e d   o n   t h e  ra te  of   s ink   vs   forward  
v e l o c i t y  map shown i n   F i g u r e  C-4. A t  sma l l  power s e t t i n g s ,  
t h e   " r e g i o n   o f  no  convergence" i s  on ly  a problem  on  very  s teep 
approach   pa ths .  A s  t h e   t r a n s l a t i o n a l   v e l o c i t y   i n c r e a s e s ,   t h e  
momentum e q u a t i o n  i s  w e l l  behaved  and  unique r e a l i s t i c  solu- 
t i o n s   a r e   o b t a i n e d .  The s u g g e s t e d   s o l u t i o n   c o n s t r a i n t   b o u n d a r y ,  
shown i n  F i g u r e  C-4, p r o h i b i t s   d e s c e n d i n g   f l i g h t   i n   t h e  "no- 
convergence"  regimes.  
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A P P E N D I X  D 

TIME & FUEL M I N I M I Z A T I O N  U S I N G  A 
SIMPLIFIED KINEMATIC MODEL 

With in   the   c l imb  and   descent   per formance   boundar ies ,  a 
s i m p l e   g r a p h i c a l   p r o c e d u r e  i s  developed  which permits t h e  
approximation of t a k e o f f   a n d   l a n d i n g   t r a j e c t o r i e s   m i n i m i z i n g  
t i m e  and /o r   fue l   r equ i r ed   i n   t hose   maneuver s .   Th i s   app roach  
p e r m i t s   t o   v i s u a l i z e   a d v a n t a g e s   a n d   d i s a d v a n t a g e s  of v a r i o u s  
f l i g h t   s t r a t e g i e s   a n d   t h u s ,  select  t h o s e   t h a t   a p p e a r  optimum 
f rom  the  t i m e  a n d / o r   f u e l   p o i n t   o f  view. I n   a d d i t i o n ,   t h e  
r e s u l t s   o f   t h i s   s i m p l i f i e d   a n a l y s i s   c a n   b e   u s e d   t o   c h o o s e   f i r s t  
estimates o f   i n i t i a l   c o n t r o l  t i m e  h i s t o r i e s   f o r   t h e   c o m p l e t e  
kinematic   opt imal   performance  problem as d i s c u s s e d   i n   S e c t i o n  
V. The   deve lopment   o f   the   g raphica l   op t imiza t ion   techniques  
i s  preceded  by a b r i e f   a n a l y t i c a l   d i s c u s s i o n .  

Task   Def in i t ion   and  Model D e s c r i p t i o n  

The   per formance   op t imiza t ion   task  i s  d e f i n e d  as a r e q u i r e -  
ment t o  minimize: ( a )  t i m e  a n d / o r   f u e l   r e q u i r e d   f r o m   v e r t i c a l  
t a k e o f f   t o   r e a c h  a p r e s c r i b e d   a l t i t u d e ,  H ,  and  (b)  t i m e  and/or 
f u e l   n e e d e d   t o   p e r f o r m   v e r t i c a l   l a n d i n g   w i t h  a def ined   touch-  
down v e l o c i t y ,  w td   ( co r re spond ing   t o  u = 0 )  fr2m i n i t i a l   f l i g h t  
c o n d i t i o n s ,  as g iven  by t h e   f l i g h t   s p e e d  $o = uo + 5,  and 
f l i g h t   a l t i t u d e  H .  

I n   pe r fo rming  t h e  a b o v e   t a s k ,   t h e   s o - c a l l e d   k i n e m a t i c  
model of t h e   a i r c r a f t  i s  u s e d .   I n   t h i s   m o d e l ,   t h e   p e r m i s s i b l e  
a r e a   o f   t h e  w v s  u r e l a t i o n s h i p  i s  l imi ted   on   one   hand ,   by   the  
maximum ra t e  of climb  [(R/C)max E w l i m  = f ( u ) l ,   w h i l e  on t h e  
o t h e r ,  by t h e  r a t e  of   descent  [ (K/D)max E - W l i m  = f (u) 1 curves .  
F i g u r e  D - 1  shows t y p i c a l   b o u n d a r i e s   a s   e s t a b l i s h e d   i n   S e c t i o n  
11. I t  i s  f u r t h e r  assumed t h a t   t h e  (R/C)max  and (R/D)max 
limits remain   the  same t h r o u g h o u t   t h e   w h o l e   a l t i t u d e   r a n g e .  

W i t h i n   t h e   p e r m i s s i b l e   o p e r a t i o n  area ( f i g .  D - l ) ,  t h e  
f o l l o w i n g   c o n s t r a i n t s  are imposed: 
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I n   t h e   g r a p h i c a l   o p t i m i z a t i o n   p r o c e d u r e s ,  it w i l l  b e  
assumed t h a t   w i t h i n   t h e   w h o l e   p e r m i s s i b l e  area,  it i s  phys i -  
c a l l y   p o s s i b l e  t o  achieve   and   main ta in  (when des i red) ,  bo th  I and  up t o  t h e i r  l ' legal"  limits u n t i l   t h e   b o u n d a r y  of 
t h e   r e g i o n  i s  reached .   Th i s  means t h a t   a c c e l e r a t i o n   c o u l d  be 
cont ro l led   in   the   bang-bang  manner .  

0 

PERMISSIBLE 

U 
PERMISSIBLE DESCENT AREA 

FORBIDDEN AREA 

F i g u r e  D - 1  

I n   r e a l i t y ,   e s p e c i a l l y  i n  a s c e n t ,  when t h e   p e r m i s s i b l e  
ra te  of climb boundary i s  approached a t  a c o n s t a n t  u v a l u e ,  
t h e  ve r t i ca l  a c c e l e r a t i o n   a p p r o a c h e s   z e r o   i n  a g radua l ,   and  
n o t  a discont inuous  manner .  

However, it w i l l  be  shown l a t e r   t h a t   e v e n   i n   t h e  case of 
v e r t i c a l   c l i m b ,   t h e  bang-bang  assumpt ion   regard ing   acce lera t ion  
a p p e a r s   t o   i n t r o d u c e   m i n o r   e r r o r s   o n l y .  
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The a c c e l e r a t i o n  limits may a lso be encoun te red   a long   t he  
performance  boundary i t se l f  and   they   can  be e v a l u a t e d ,   e i t h e r  
g r a p h i c a l l y  o r  a n a l y t i c a l l y .   I n   t h e  f i rs t  case, it s u f f i c e s  
t o  have a g r a p h i c a l   r e p r e s e n t a t i o n   o f  (R/C)max = f ( u )  or 
(R/D)max = f ( u )  , w h i l e   i n   t h e   s e c o n d ,   a n   a n a l y t i c a l   r e l a t i o n -  
sh ip   be tween (R/C)max = f ( u )  o r  (R/D)max = f ( u )  must be known. 

Assuming a c o n s t a n t   a c c e l e r a t i o n   a l o n g   o n e   ( s a y ,   t h e  
h o r i z o n t a l   a x i s ) ,   t h e   c o r r e s p o n d i n g   o r t h o g o n a l   ( i n   t h i s  case, 
ve r t i ca l )  a c c e l e r a t i o n  i s  g iven  as: 

d (R/C),,,/dt w = ( d / d t )   [ f   ( u  k ax t) ] 

o r  d(R/D),,,/dt : -; = ( d / d t )  

V e r t i c a l  Climb 

f l ( u  k a, t ) ] .  

I n   o r d e r   t o   d e v e l o p  a b e t t e r   f e e l  
o f   v a r i o u s   p a r s m e t e r s   i n f l u e n c i n g   t h e  t 
t i o n ,  as w e l l  as t h e   v a l i d i t y   o f - t h e  bang-bang  acce lera t ion  
a s s u m p t i o n ,   t h e   c a s e   o f   v e r t i c a l   t a k e o f f   a n d   v e r t i c a l   c l i m b  i s  
c o n s i d e r e d   f i r s t .   F u r t h e r m o r e ,   s i n c e   b a s i c   u n d e r s t a n d i n g  of 
t h e   p h y s i c a l   a s p e c t s   r e p r e s e n t   t h e   c h i e f  aim o f   t hose   cons ide r -  
a t i o n s ,   t h e   s i m p l e s t   p o s s i b l e   a p p r o a c h   b a s e d   o n   t h e  momentum 
t h e o r y  i s  used .   A t t en t ion  i s  f o c u s e d   f i r s t ,   o n   t h e   s i g n i f i -  
c a n c e   o f   t h e   r a t i o   o f   t h e   s h a f t  power d e l i v e r e d  by t h e   e n g i n e s  
(SPav) t o   t h a t   r e q u i r e d  i n  hovering  (SPhov) , kp 5 (sPav/sPh,v). 

I n i t i a l   v e r t i c a l   a c c e l e r a t i o n . -  The i n i t i a l   v e r t i c a l  
a c c e l e r a t i o n  (five) as a func t ion   o f   kp  i s  i n v e s t i g a t e d   f i r s t .  
Within limits o f   t h e   s i m p l e  momentum t h e o r y ,   s h a f t  power ( i n  
f t . l b s / s e c )   a v a i l a b l e  can  be   expressed  as f o l l o w s   ( r e f .  2 ) :  

where i s  t h e   a e r o d y n a m i c   e f f i c i e n c y   ( f i g u r e   o f  mer i t ) ,  <tr 
i s  t h e   t r a n s m i s s i o n   e f f i c i e n c y  (it a l s o   c o v e r s  power r e q u i r e -  
m e n t s   f o r   d r i v i n g   a c c e s s o r i e s ) ,   k v  i s  t h e   r a t i o   o f   t h e   g r o s s  
weight  ( W )  p l u s   t h e   v e r t i c a l   d r a g  ( D v )  t o   g r o s s   w e i g h t .  
[kv E ( W  + D,)/W] and W/A i s  the   nomlna l   d i sc   l oad ing .  

The i d e a l   r o t o r  power ava i l ab le   (mid , ,  ) f o r   t h e  s t a t i c  
t h r u s t   g e n e r a t i o n  i s  ( r e f .  2 ) :  

r ega rd ing   t he   impor t ance  
i m e  and  fuel   minimiza-  
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where Fd, i s  t h e   a v e r a g e   b l a d e   p r o f i l e   d r a g  Coeff ic ient ,  
Cghov = 6kvW/aApVt2 i s  t h e   a v e r a g e   b l a d e   l i f t   c o e f f i c i e n t  i n  
hove r ing  (A = t o t a l  d i s c  area o f   t h e  r o t o r s ) ,  Vt i s  t h e   t i p  
speed ,   and   k ind  i s  t h e  r a t i o  o f   t h e   a c t u a l  t o  t h e   i d e a l   i n -  
duced  power. 

- 

Knowing t h e   i d e a l   r o t o r   h o r s e p o w e r   a v a i l a b l e ,   t h e  corre- 
sponding   idea l   induced   ve loc i ty   can   be   computed  as: 

Consequen t ly ,   t he   co r re spond ing  s t a t i c  t h r u s t  ( T o )  w i l l  be  

and f i n a l l y ,   t h e   i n i t i a l   v e r t i c a l   a c c e l e r a t i o n :  

S u b s t i t u t i n g   e q .  ( D 2 )  i n t o   e q .  (D3) , t h e n  eq .  (D3) i n t o  
eq.  ( D 4 ) ,  and f i n a l l y ,   e q .  ( D 4 )  i n t o  eq.  (D5), t h e  fo l lowing  
i s  o b t a i n e d :  

The i n i t i a l  v e r t i c a l   a c c e l e r a t i o n  (Gvo)  i s  c a l c u l a t e d  as a 
f u n c t i o n  of kp  from eq. ( D 6 )  w i t h   t h e   f o l l o w i n g   v a l u e s  of 
v a r i o u s   p a r a m e t e r s ,   a s s u m e d   a s   r e p r e s e n t a t i v e   f o r   t h e  con- 
s i d e r e d   t i l t - r o t o r   a i r c r a f t   w i t h  a d i s c   l o a d i n q  of W/A = 10 psf i  

and Vt = 700 p f s .  
p = P o ;  CA = -78 ;  k, = 1.055;  k ind  = 1 . 0 7 ;  ~ d , / c g h o v  = 0.55 

Figure  D-2 shows a p l o t  of GvO/g = f ( k  ) computed f o r   t h e  
above  values .  A g l a n c e   a t  t h i s  f i gu re   shou  7 d g i v e  an i d e a  
r ega rd ing  t h e  magnitude  of t h e  i n i t i a l  v e r t i c a l   a c c e l e r a t i o n  
f o r   v a r i o u s   l e v e l s   o f  t h e  excess  power a s   exp res sed  by t h e  
kp r a t i o .  

Rate of ver t ica l"c1 imb.  - Using   t he   s imp le  momentum 
a p p r o a c h ,   s t e a d y - s t a t e   r a t e  of climb i n  v e r t i c a l   a s c e n t  (wvc) 
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I 

INITIAL  ACCELERATION L STEADY  RATE 
OF VERTICAL  CLIMD vs EXCESS POWER 

RATIO 

. I  . 1 1 . 2  

Excess Pawor Ratro kp : 

F i g u r e  D-2 

c a n   a l s o  be e x p r e s s e d   i n  terms of t h e   e x c e s s  power r a t i o  (kp) 
( r e f .  2 )  : 

wvc = V ' i d  - V i d  
(D7 1 

where   V ' id  i s  t h e   i d e a l   t o t a l   r a t e   o f   f l o w   t h r o u g h   t h e   r o t o r  
d i s c  

and Vid i s  t h e   i d e a l   i n d u c e d   v e l o c i t y  
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Assuming t h e  same numer ica l   va lues  of v a r i o u s   p a r a m e t e r s  
as i n   t h e   p r e c e d i n g  case o f   i n i t i a l   a c c e l e r a t i o n ,  wvc vs   kp 
computed  from  eq. ( D 9 )  i s  a l s o  shown i n   F i g u r e  D-2 .  I n   t h l s  
way, levels of b o t h   t h e   i n i t i a l  ve r t i ca l  a c c e l e r a t i o n  as w e l l  
as t h e   s t e a d y  r a t e  of v e r t i c a l  c l i m b   c a n   b e   e a s i l y   a s s e s s e d  
fo r   va r ioub   kp   va lues .  

T i m e  o f  v e r t i c a l  c l imb.  - I t  was i n d i c a t e d   p r e v i o u s l y  
t h a t  as wv -f w V C I  GV -+ 0. U s i n g   b a s i c   r e l a t i o n s   o f   t h e  momen- 
tum t h e o r y ,  i t  1s p o s s i b l e   t o  compute fiv a t  v a r i o u s  wv v a l u e s .  
vowever ,   fo r   t he   s ake   o f   s imp l i c i ty ,  it w i l l  be  assumed t h a t  
wv varies l i n e a r l y   f r o m  i t s  maximum l e v e l  kvmax E avo a t  
wv = 0 t o  fiv = 0 a t  wv = wvc. 

(dwv/dt) = a, - awv = avo (1 - wv/wvc) 
0 

where a avo/wvc.  

Under the   above   assumpt ion ,   eq .  ( D l O )  c an   be   i n t eg ra t ed  
w i t h i n  limits from wv = 0 t o  wvc and t h e  f o l l o w i n g   r e l a t i o n s h i p  
be tween  the  r a t e  o f   v e r t i c a l   c l i m b  and time i s  ob ta ined :  

F o r   s e l e c t e d   v a l u e s   o f  kp, t he   co r re spond ing   va lues   o f  
avo ,  wvc and t h u s  a, can e a s i l y   b e   o b t a i n e d   f r o m   F i g u r e  D - 2 .  
Then wv = f ( t )  can be c a l c u l a t e d .   F i g u r e  D-3 shows t h i s  rela- 
t i o n s h i p .  

dy = w,dt. 

S u b s t i t u t i n g   e q .  ( D l l )  i n t o  t h e  a b o v e   r e l a t i o n s h i p  and 
i n t e g r a t i n g   f r o m  y = 0 t o  y = H ,  leads t o   t h e   f o l l o w i n g  
expres s ion :  

H = wvc[ t  + (e - t a  - 1) /a] - 

1 4  0 
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F i g u r e  D-3. Vertical  Rate of C l i m b  v s  T ime  f o r  
3 Excess Power R a t i o s  

F o r   s e v e r a l  kp v a l u e s  (1.1.; 1.3; and 1.5), t h e   r e l a t i o n -  
ship  between time and a l t i t u d e  reached i s  shown i n   F i g u r e  D-4, 
w h i l e   F i g u r e  D-5 gives  an  example of time r e q u i r e d   i n   v e r t i c a l  
climb vs kp f o r   a n  assumed a l t i t u d e  of H = 1 0 0 0  f e e t .  These 
f i g u r e s   c l e a r l y   i n d i c a t e  t h a t  h igh   kp   va lues  are e s s e n t i a l   i n  
r e d u c i n g   t h e  time r e q u i r e d   t o  climb t o  a g i v e n   a l t i t u d e .  

A t  t h i s   p o i n t ,  a q u e s t i o n  may be asked r e g a r d i n g   t h e  
v a l i d i t y  of t h e   k i n e m a t i c  model wh ich   a s sumes   t ha t   t he   a scen t  
boundary   ( in  t h i s  case, wv = wvc) may be approached   i n  t h e  
bang-bang  fashion a t  f u l l   a c c e l e r a t i o n   v a l u e ,   w h i c h   s u d d e n l y  
d r o p s   t o   z e r o  when wv = wvc i s  r e a c h e d .   I n   F i g u r e  D-3, a 
comparison i s  shown of wv = f (t) computed from eq. (D-11) w i t h  
t h a t  based on a c o n s t a n t   a c c e l e r a t i o n  of avo up t o  time 
t a  = wvc/avo when GV suddenly   becomes   zero   (broken   l ines   in  
F i g u r e  D-3). 
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t o  1 0 0 0  Feet vs Excess Power Ratio 
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F i g u r e  D-4 shows a comparison  between H = f (t) computed 
f o r  a c o n s t a n t   a c c e l e r a t i o n   a v o   u p   t o  t a  = wvc/avo and   t hen ,  
avp = 0 ( b r o k e n   l i n e s )  , v s   t h o s e   p r e d i c t e d  by eq .  ( D l l )  . It 
can  be s e e n  from  Figure D-4 t h a t  a t  t h e   a l t i t u d e s  of i n t e r e s t  
f o r  t h e  t e r m i n a l  o p e r a t i o n  (P 2 1 0 0 0  f t . )  , t h e   d i f f e r e n c e s   a r e  
n e g l i g i b l e .   I n  view of t h i s ,  it mav b e   s t a t e d   t h a t   f o r   p r a c -  
t i c a l  time minimiza t ion   problems,   approaches   based   on   the  
bang-bang v e r t i c a l   a c c e l e r a t i o n  are a c c e p t a b l e .  

F u e l  i n  v e r t i c a l  climb. - Assuming t h a t  d u r i n g   v e r t i c a l  
climb t o  some a l t i t u d e  H ,  b o t h   t h e  SHP of t h e  enq ines  
(SHPaV = kpSHPhov) and t h e   s f c   r e m a i n   c o n s t a n t ,   f u e l  consumed 
can be expres sed  as fo l lows :  

where  the time of climb t H  i s  i n   s e c o n d s .  

S u b s t i t u t i n g   f o r  SHPhov, i t s  e x p r e s s i o n   i n  terms of  t h e  
ideal   induced  power,  e tc . ,  t h e  f o l l o w i n g   e x p r e s s i o n  fo r  t h e  
r e l a t i v e  f u e l  weight  i s  ob ta ined :  

I t  may be expected  from  eq.  ( D 1 4 )  t h a t   i n   g e n e r a l ,  a 
r e d u c t i o n   i n  t H  h s o u l d   b e   b e n e f i c i a l   f o r  t h e  minimiza t ion  of 
t h e  W F ~ / W  r a t i o .   B u t  t H  i n   t u r n ,   d e p e n d s  on kp. I n   o r d e r   t o  
i n v e s t i g a t e   w h e t h e r  t h e  product   o f  kp and t H  will also decrease 
w i t h  i n c r e a s i n g  kp ,  t h e   f o l l o w i n g   a p p r o x i m a t e   r e l a t i o n s h i p  
between t H  and  kp may be p o s t u l a t e d  f o r  any   f i xed   va lue  of H:  

where K is  a c o n s t a n t   a s s o c i a t e d  w i t h  a g iven  H v a l u e .  I t  can 
be  seen  from  Figure D-5 t h a t ,   i n d e e d   f o r   i n s t a n c e  for  H = 1 0 0 0  
f e e t ,  K = 1 0 . 8  a s s u r e s   a n   a c c e p t a b l e  f i t  f o r  t h e  t H  = f ( k p )  
curve .  

S u b s t i t u t i n g   e q .  (D15) i n t o   e q .  ( D 1 4 ) ,  t h e  l a t t e r  becomes: 
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Now it is  clear from  eq. ( D 1 6 )  t h a t   i n  order t o  minimize 
t h e   f u e l   r e q u i r e d  t o  c l i m b   v e r t i c a l l y   t o  a g i v e n   a l t i t u d e ,   t h e  
kp r a t i o  s h o u l d   b e   k e p t  as h i g h  as p o s s i b l e .  A s  an  example, 
r e l a t i v e   f u e l   r e q u i r e d  t o  climb v e r t i c a l l y  t o  H = 1 0 0 0  f e e t  i s  
computed  from  eq. ( D 1 6 )  (assuming < t r  = 0.95  and s f c  = 0.5  
lb s /SHP-hr . ) ,   and   p lo t t ed   i n   F igu re  D-5. A g l a n c e   a t   t h i s  
f i g u r e  w i l l  i n d i c a t e   t h a t ,   i n d e e d ,   m i n i m i z a t i o n  of time t o  
climb i n  ver t ica l  a s c e n t  i s  i d e n t i c a l   w i t h   t h e   m i n i m i z a t i o n   o f  
t h e   f u e l   u s e d   i n   t h a t   m a n e u v e r .   F u r t h e r m o r e ,   s i n c e   i n   t h e  
present   model ,   power   se t t ing   (kp)  i s  t h e   o n l y  cont ro l  a v a i l -  
a b l e   f o r   o p t i m i z a t i o n   i n   v e r t i c a l   c l i m b ,  it i s  c l e a r   t h a t   i n  
o r d e r  t o  minimize  both time and f u e l ,   t h e   k p   r a t i o   s h o u l d   b e  
a t  i t s  maximum v a l u e   ( w i t h   d u e   c o n s i d e r a t i o n  of Gv c o n s t r a i n t s ) .  

Climb i n   f o r w a r d   f l i g h t .  - A t  h iqh  u va lues ,   as   encoun-  
tered a t  maximum ra te  of climb i n   f o r w a r d   f l i g h t ,   t h e   i n f l u e n c e  
o f   t h e   a d d i t i o n a l   i n f l o w   ( d u e   t o  climb) on the  induced  power,  
c o n t r a r y   t o   t h e  case o f   v e r t i c a l  and n e a r - v e r t i c a l   a s c e n t ,  i s  
u s u a l l y   n e g l i g i b l e .   H e n c e ,  i t  i s  l e g i t i m a t e   t o  compute r a t e  of 
climb a t  any  high u ( s a y ,  u 2 3Vidhov) on t h e   b a s i s  of t h e  
e x c e s s   o f   t h e   a c t u a l   r o t o r   o r   p r o p e l l e r  power o v e r   t h a t  
r e q u i r e d + f o r  a s t e a d y - s t a t e   l e v e l   f l i g h t  a t  t h a t   s p e e d ,  
$ = u + 0. For t h e   h e l i c o p t e r  regime o f   f l i g h t ,   r a t e   o f   c l i m b  
becomes : 

-+ 

where  kvf i s  t h e  download c o e f f i c i e n t   i n   f o r w a r d   f l i g h t .  

For t h e   a i r c r a f t   c o n f i g u r a t i o n ,  wf w i l l  be: 

where 5 i s  t h e   p r o p u l s i v e   e f f i c i e n c y   o f   t h e   r o t o r - p r o p e l l e r .  P r  
Time:  T i m e  t o  climb t o  a g i v e n   a l t i t u d e  H w i l l  be  

U 

I n   g e n e r a l ,   e q .  (D19)  r e p r e s e n t s  a func t iona l ,   where   w(y )  
i s ,  i n   t u r n ,  a f u n c t i o n   o f   t h e   c o n t r o l  u = f ( y ) .  Depending on 
t h e   i n i t i a l   v a l u e  of u a n d   e x i s t i n g   c o n s t r a i n t s ,   d i f f e r e n t  
strategies may b e   s e l e c t e d   f o r   t h e   m i n i m i z a t i o n   o f  t H f .  How- 
e v e r ,  it can be deduced  from  eq. ( D 1 9 )  , where  wf(y)   appears  
i n   t h e   d e n o m i n a t o r ,   t h a t   i n   v i e w   o f   e q s .  (D18) or  ( D 1 9 ) ,  t h e  
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e x c e s s   o f   t h e   r o t o r  o r  t h r u s t  power p e r  p o u n d   o f   a i r c r a f t   g r o s s  
weight   should   be  as h i g h  as p o s s i b l e .  

As t o   t h e   s e l e c t i o n   o f   t h e   m o s t - p r o m i s i n g   s t r a t e g i e s  
l e a d i n g   t o   t h e  time m i n i m i z a t i o n   i n   a c h i e v i n g  a p r e s c r i b e d  
f l i g h t   v e l o c i t y   a n d   a l t i t u d e   f r o m   t h e   i n i t i a l   c o n d i t i o n   r e p r e -  
s e n t e d  by v e r t i c a l   t a k e o f f   ( u  = 0 ) ,  t h i s   s u b j e c t  w i l l  b e   d i s -  
cussed  l a te r  w i t h   t h e   h e l p  of a g raph ica l   app roach .  

A t  p r e s e n t ,   i n   o r d e r  t o  p rov ide  a b e t t e r   q u a n t i t a t i v e  feel  
f o r   t h e   p r o b l e m ,  a c u r s o r y   a n a l y t i c a l   r e l a t i o n s h i p  w i l l  be  
d e v e l o p e d   f o r   t h e   h e l i c o p t e r   c o n f i g u r a t i o n   o n l y .  

Assuming u and  excess  power (SHPav - SHP,) c o n s t a n t ,   e q .  
(D17) i s  s u b s t i t u t e d   i n t o   e q .  ( D 1 9 )  w h i c h ,   i n   t u r n ,  i s  i n t e -  
g r a t e d   w i t h i n   t h e  0 t o  H limits: 

tHf  = Lkvf kindf  /550ctr (SHPav - SHPU)] WH. 

I t  can  be  seen  f rom  eq.  ( D 2 0 )  t h a t   i n   o r d e r   t o   m i n i m i z e  
t H f ,  t h e   d i f f e r e n c e   b e t w e e n  SHPav and SHP, should   be  as l a r g e  
a s   p o s s i b l e .   T h i s  means t h a t  SHPav s h o u l d   r e p r e s e n t  maximum 
eng ine  power a v a i l a b l e ,   w h i l e  SHP, = SHPU, E SHPmin. Assuming 
t h a t  u = ue  and  consequent ly ,  SHP, = SHPmin, eq .  ( D 2 0 )  can be 
r e w r i t t e n  as fo l lows :  

where  kpf : SHPav/SHP,in. 

Assuming f o r   t h e  power load ing  a t  SHPmin, a r e p r e s e n t a t i v e  
v a l u e   f o r   t h e   c o n s i d e r e d   t i l t - r o t o r   a i r c r a f t  of W/SHPmin = 16.5 
lbs /hp ,  t H f  i s  computed f o r  H = 1000 fee t  and p l o t t e d   v s  kpf i n  
F igu re  D-6.  

Fue l :   In   v iew of eq. (D17), t o t a l  SHP r e q u i r e d   i n   t h e  
h e l i c o p t e r   c o n f i g u r a t i o n   i n   a s c e n t   w i t h  a r a t e  of   c l imb,  w f ,  
w i l l  be:  
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F i g u r e  D-6 

Cons ide r ing  as an  e x a m p l e   t h e   h e l i c o p t e r  case,  t h e  ele- 
mentary  amount of f u e l  consumed  can be expres sed  as  fol lows:  

where wf i s  i n   f p s .  

I n   o r d e r  t o  o b t a i n  a b e t t e r   q u a n t i t a t i v e  fee l  of t h i s  pro- 
cess of o p t i m i z a t i o n ,   t h e   s i m p l e s t   p o s s i b l e  case w i l l  b e  con- 
sidered of u = cons t   and  wf = c o n s t .  Under these assumptions,  
eq. (D23) i s  i n t e g r a t e d   f r o m  y = 0 t o  y = H ,  and eq. (D18) i s  
s u b s t i t u t e d  f o r  w f .  Fu r the rmore ,   de f in ing   kp  SHPav/SHPu, 
eq. (D23) l e a d s  t o  t h e   f o l l o w i n g   e x p r e s s i o n  o$ f u e l  as a per- 
centage of t h e   g r o s s   w e i g h t :  
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It is  clear  from eq. (D24) that in order to minimize  the 
amount  of  fuel  required in forward  flight,  SHPav/SHPU  should 
be  maximized. This means  that  whenever  there  is  a  freedom  of 
selecting u, its value  should  be Ue:  i.e., that  corresponding 
to  SHPmin,  while  SHPav  should  be  as  high  as  possible.  An 
additional  benefit  is  realized  from  operating  at  high  power 
settings  since  the  lowest  sfc  values  usually  correspond  to 
maximum  continuous  power. 

Taking  for  example,  H = 1000  feet and  assuming  the  follow- 
ing  values  for  other  parameters: kv = 1.0, kindf = 1.07, 
<tr = 0.95  and sfc = 0.5 lb/hp/hr; fWFf) % is  computed  and 
plotted  vs kpf in Figure D-6. A glance  at  this  figure  will 
indicate  that  similarly  to  the  case  of  vertical  ascent,  trends 
in forward  climb  for  both  time  and  fuel  minimization  with kpf 
are  the  same.  This  means  that,  in  general,  a  flight  management 
strategy  that  is  beneficial  for  time  minimization  would  also 
be  beneficial  as  far  as  reduction  of  fuel  required  in  climb is 
concerned. 

With  respect  to  the task  of  the  whole  ascent  operation 
beginning  with  a  vertical  takeoff,  it  appears  that  from  the 
moment  of  lift-off  throughout  the  whole  climb  maneuver,  the 
engines  should  operate  at  the  highest  possible  values  of kp 
first, and  then kpf, as  permitted  by the  power  available and/or 
operational  constraints  of  vertical  and  horizontal  accelera- 
tions (lay1  and lax[).  Furthermore, it appears  that,  in  prin- 
ciple,  u corresponding'to the  highest  kpf  value (be it  for  the 
helicopter or airplane  configuration)  should  be  reached  as  soon 
as  possible, and  then  the  climb  continued  at  that kpmqx value. 
However, in some  cases it may not  be  desirable  to  strlve  for  u 
corresponding to the  highest  kpf  value  within  the  whole  enve- 
lope. For  instance,  for  low  terminal  altitudes,  it may not  be 
advantageous to go through  conversion  and  acceleration to u 
corresponding  to  k fmax in the  airplane  configuration,  but  to 
be  satisfied  with  fpfmax  of  the  helicopter  regime.  All  of 
these,  as  well  as  other  aspects  of  selecting  an  optimum  strategy 
o f  time  and  fuel  minimization  in  an  ascent to a  given  altitude 
(as well  as in a  descent  from  a  given  altitude)  will  become 
more  clear  through  a  graphical  interpretation  of  the  time  and 
fuel  optimization  problem. 

Graphical  Approach  to  Time  and Fuel Minimization 

Climb  and  descent  envelopes  developed  in  Section I1 are 
used in the  definition of the  kinematic  performance  model 
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( F i g u r e s  D-7 and D - 8 ) .  The t a s k   o f   o p t i m i z a t i o n  is  fo rmula t ed  
as a r e q u i r e m e n t   t o   e s t a b l i s h   t h e  optimum s t r a t e g y  of con- 
t r o l l i n g  u and w t o  y i e l d  minimum time a n d / o r   f u e l  t ra jec tor ies  
i n  one of the   fo l lowing   t e rmina l   maneuver s   pe r fo rmed   i n   t he  
ve r t i ca l  p l a n e  ( X , H )  . 

(1) Climb  from a v e r t i c a l  t a k e o f f   t o  a p r e s c r i b e d   a l t i t u d e  
( H ) .  T h i s   r e q u i r e m e n t  may i n c o r p o r a t e   n o   r e s t r i c t i o n s   r e g a r d -  
i n g   t h e   m a g n i t u d e   o f   t h e   h o r i z o n t a l   c o m p o n e n t   o f   t h e   f l i g h t  
v e l o c i t y  when a l t i t u d e  H i s  r e a c h e d ,   o r   t h e   d e s i r e d  UH 
may b e   s p e c i f i e d   p r i o r i .  

( 2 )  Descent  frqm a g i v e n   a l t i t u d e  ( H )  and a g i v e n   i n i t i a l  
v e l o c i t y   o f   f l i g h t  Vo = ?io + Go t o   v e r t i c a l   l a n d i n g   ( u t d  = 0 )  
w i t h  a p re sc r ibed   t ouchdown  ve loc i ty  ( 0  Wtd) . 

Climb. - Vert ical  t a k e o f f  i s  s p e c i f i e d   a s   t h e   o n l y   i n i t i a l  
c o n d i t i o n .  A s  t o   t h e   t e r m i n a l   c o n s i d e r a t i o n   a t   t h e   a l t i t u d e  H ,  
l e t  it be  assumed t h a t   t h e r e  i s  no 5 p r i o r i   d e f i n e d   v a l u e   Q f  
t h e  u component t h a t  must  be  achieved when t h e   p r e s c r i b e d  a l t i -  
t u d e  H i s  r e a c h e d   i n   t h e   s h o r t e s t   p o s s i b l e  time. Under t h e s e  
c o n d i t i o n s ,  it may b e   a n t i c i p a t e d   t h a t   t h e   b e s t   g e n e r a l   s t r a t e g y  
would   be   based   on   reaching ,   as   qu ick ly  as p o s s i b l e ,  

v =  Ueh 
+ Wmaxh a + W,axa 

cor responding  t o  t h e  maximum r a t e  of c l i m b ,   e i t h e r   i n   t h e   h e l i -  
c o p t e r  o r  a i rp lane   reg ime  and   main ta in ing  it a l l  t h e  way up t o  
t h e   d e s i r e d   a l t i t u d e  H ( F i g u r e  D - 7 ) .  But i n  any case,  minimum 
t i m e  r e q u i r e d   t o   r e a c h   t h a t  u = ue  and w = wmaT v e l o c i t y  w i l l  
c o r r e s p o n d   t o   t h e   l o n g e r   o f   t h e  two times r e q u l r e d   t o   a c c e l e -  
r a t e  t h e   a i r c r a f t ,  e i t h e r  a t  t h e  r a t e   a x   t o   u e   o r   a t   t h e  r a t e  
ay t o  Wmax.  S i n c e   i n   a l l   p r a c t i c a l  cases, t h e  u e  v a l u e s  
( e s p e c i a l l y   f o r   t h e   a i r c r a f t   c o n f i g u r a t i o n )  would  probably  be 
much h ighe r   t han   t hose   o f  Wmax, it may b e   e x p e c t e d   t h a t  

* 

I n   o r d e r   t o   g i v e  some i d e a   a s   t o  how s e l e c t i o n   o f   a p p r o x i -  
mately optimum s t r a t e g i e s   c a n   b e   p e r f o r m e d ,   t h e   f o l l o w i n g  3 
c a s e s  are p r e s e n t e d   ( F i g u r e  D - 7 )  : 

(1) From a v e r t i c a l   t a k e o f f ,   t h e   a i r c r a f t  i s  a c c e l e r a t e d  
a l o n g   t h e  x and y a x e s   a t   s u c h  ra tes  t h a t  a t  t h e  time t e ,  bo th  
v e l o c i t i e s  ueh  and wmaxh, f o r   t h e   h e l i c o p t e r  regim.3, a r e  
achieved   s imul taneous ly .  

*Zooming t r a j e c t o r i e s  a re ,  by d e f i n i t i o n ,   n o t   c o n s i d e r e d   i n  
t h i s   k i n e m a t i c   a n a l y s i s .  
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F i g u r e  D-7  

( 2 )  From t h e  same type   o f   t akeof f  as i n  (1) , t h e   a i r c r a f t  
i s  a c c e l e r 9 t e d   a l o n g   b o t h   a x e s   a t   t h e  maximum p e r m i s s i b l e  r a t e  
(3  = ax + a y )   u n t i l   t h e  (R/C)max boundary i s  reached.  Then it 
c o n t i n u e s  t o  a c c e l e r a t e  a t  t h e  r a t e  ax a l o n g   t h e  x a x i s  u p  t o  
u = Ueh. From t h i s  moment, it c l imbs  a t  wmaxh up t o   t h e   a l t i -  
t u d e  H .  D u r i n g   t h i s   p a r t   o f   t h e   m a n e u v e r   p r e c e d i n g   t h e   r e a c h i n g  
of t h e   s t e a d y   r a t e  of climb, a check  should  be made as t o  whe- 
t h e r   t h e   v e r t i c a l   a c c e l e r a t i o n   r e s u l t i n g   f r o m   t h e  w = f ( u )   r e l a -  
t i o n s h i p   d o e s   n o t   e x c e e d   t h e   p e r m i s s i b l e  G limits. 

3 

( 3 )  The  beginning of t h e  maneuver i s  t h e  same as i n  ( 2 )  . 
However, a f t e r ’ t h e  (R/C)max boundary   has   been   reached ,   the  a i r -  
c r a f t   s t a y s  on t h a t   b o u n d a r y   w h i l e   a c c e l e r a t i n g   a t  6 = a x   u n t i l  
t he   ho r i zon ta l   ve loc i ty   componen t   becomes  U e a .  From t h i s   p o i n t ,  
it c l imbs  a t  wmaxa up t o  t h e   d e s i r e d   a l t i t u d e  H .  A s  i n   t h e  pre- 
v i o u s  case, it must   be  cont inuously  checked as t o  w h e t h e r   r i d i n g  
of t h e  (R/C)max boundary, when u i n c r e a s e s   a t   t h e  r a t e  ax,  t h e  
6 d o e s   n o t   v i o l a t e   t h e  l ay ]  c o n s t r a i n t .  

I n   t h e  f i r s t  case (see F igure  D-7, d a s h   l i n e ) ,   t h e   v e r t i c a l  
a c c e l e r a t i o n   a l o n g   t h e  y a x i s  w i l l  be  
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and t h e  ver t ica l  d i s t a n c e  ( H e )  c o v e r e d   i n  time te  would be: 

The res t  o f   a l t i t u d e   e q u a l   t o  H - H e  w i l l  be  covered a t  
a c o n s t a n t  r a t e  of   c l imb (wmaxh) and   hence ,   the   cor responding  
a d d i t i o n a l  time ( A t l )  w i l l  be  

and t h e   t o t a l  t i m e  t o   c l i m b   ( F i g u r e  D - 7 )  

becomes t l  + 

I n   t h e   s e c o n d  case (see F igure  D-7, d o t - d a s h   l i n e ) ,   t h e  
p r o p o s e d   s t r a t e g y  i s  more b e n e f i c i a l  a s ,  a t  time t e ,  a l a r g e r  
area ( h i g h e r   a l t i t u d e )  i s  u n d e r   t h e   c u r v e   t h a n   i n   t h e   f i r s t  
case. 

I t  a p p e a r s ,   h e n c e ,   t h a t   f o r   t h e   h e l i c o p t e r   c o n f i g u r a t i o n ,  
t h e  optimum climb s t r a t e g y   f o r   t h e  minimum t i m e  t o   c l i m b   t o   a n  
a l t i t u d e  H would c o n s i s t   ( u n $ e r  somewhat i d e a l i z e d   c o n d i t i o n s )  
of a c c e l e r a t i n g  a t  -h = Zx + a u n t i l   t h e  (R/$)max  boundary i s  
r eached   and   t hen   r i d ing   t ha t   goundary  up t o  v = ?ieh + Gmaxh and 
t h e n   c l i m b i n g   a t   t h e  maximum r a t e  of  cl imb  of wmaxh. 

I n   t h e   t h i r d  case (dash -doub le -do t   l i ne   i n   F igu re  D - 7 ) ,  
t h e   d e s i r a b i l i t y  of t h e   p r o p o s e d   s t r a t e g y  w i l l  depend  on t h e  
m a g n i t u d e   o f   t h e   t e r m i n a l   a l t i t u d e  ( H I .  Should H b e   r e l a t i v e l y  
low,   then loss o f   t h e  r a t e  o f   c l i m b   w h i l e   r i d i n g   t h e   ' v a l l e y '  
c o n n e c t i n g   t h e   h e l i c o p t e r  (R/C)max b o u n d a r y   w i t h   t h a t   o f   t h e  
a i rp l ane ,   wou ld   no t   be   compensa ted   by   t he   even tua l ly   h ighe r  
w = Wmaxa v a l u e s .  I t  i s  c l e a r   t h a t   i n   a d d i t i o n   t o   t h e   a l t i t u d e  
a s p e c t s ,   s u c h   f a c t o r s   a s :   ( a )   d e p t h   o f   t h e   v a l l e y   i n   t h e  
(R/C)max boundary ,   (b )   r e l a t ive   magn i tudes   o f   uea   v s  Ueh,  and 
( c )  r e l a t i v e   m a g n i t u d e s   o f  Wmaxa vs Wmaxh wou ld   i n f luence   t he  
d e s i r a b i l i t y  of e i t h e r   t h e   s e c o n d   o r   t h i r d   s t r a t e g y .  

For  some p a r t i c u l a r   s h a p e s   o f  t h e  (R/C)max boundary  for  
t h e   w h o l e   a i r c r a f t   ( f r o m   h e l i c o p t e r   t o   a i r p l a n e   c o n f i g u r a t i o n ) ,  
i t  may b e   d e s i r a b l e  t o  accelerate  as f a s t  as p e r m i s s i b l e   t o   t h e  
b o t t o m   o f   t h e   v a l l e y   a n d   t h e n   t o   r i d e   t h e  (R/C)max boundary  up 
t o  Wmaxa a n d   t h e n   t o   c l i m b  a t  t h a t   s p e e d .  
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Once  the (R/C)max boundaries  are known for a given  air- 
craft, it is easy  to  investigate  graphically  the  above  dis- 
cussed  (and  possibly  some  other)  strategies  and  evaluate  them 
from the point of view  of  the  time-to-climb  minimization. 

Since time  minimization  in  climb is synonymous  with  fuel 
minimization, the above  graphical  procedures  applicable  to  the 
task  of  time-of-climb  optimization  could  equally  serve  as  road- 
maps  for the fuel-in-climb  minimization. 

Descent. - In this case, the  permissible  area  for  the w 
vs u relationships  is  limited  by  the u axis  and  the  maximum 
rate  of  descent (R/D)max = Wlim = f (u)  curve. The above  curve 
also  permits  checking  (either  analytically or.graphically) of 
the  orthogonal  acceleration  resulting  from  'sliding'  along  the 
(R/D)max  boundary with  one  velocity  changing  at  its  maximum 
legal  rate. 

- 

With  respect  to  the  initial  conditions, it is  assumed  for 
simplicity,  that  the  initial  altitude is yo = H and  the  gate 
velocity  at  that  altitude  is  horizontal  (wo = 0 ) ,  while  its 
value  is uo. Terminal conditions  are  defined  as yt = 0; 
u = 0 and w = Wtd where  wtd  is  the  permissible  touchdown  speed. 
It  is further  assumed  (as  in  the  case  of  climb)  that  within 
the  whole  permissible  descent  area, it is  possible  to  reach 
and maintain  the  horizontal and vertical  accelerations and 
decelerations  at  their  maximum  values  of  lax[  and layl  up to 
the  boundaries  of  that  region  in  the  bang-bang  fashion.  This 
means  that  power  available,  control  response,  etc.,  are  suffi- 
cient to produce,  whenever  required, a vertical  deceleration  up 
to  its  maximum  'legal'  limit. 

In  the  case of landing  with  both  acceleration  and  velocity 
constraints,  optimum  descent  strategies  can  be  worked  out 
within  the  whole  region  limited by the u axis  and  the  (R/D) 
(R/D)max = f (u)  boundary. 

For the  sake  of  simplicity and brevity,  only  part  of  the 
helicopter  regime (R/D)max curve is considered.  However, it 
is  believed  that  the  reader  who will familiarize  himself  with 
this  example  should  have no difficulty  in  dealing  with  more 
complicated  cases  incorporating  the  whole (R/D)max boundary 
(helicopter  and  airplane) of a tilt-rotor  aircraft. 

Initial  conditions  are  assumed:  uo = 250 fps, wo = 0, 
Ho = 3000 feet. Terminal  conditions  are:  ut = 0, w = 0, 
Ht = 0. lax[ 0.25g 3 8 ft/sec2; layl  0.2g E 6 . 4  $t/sec2; 
(R/D)max = f(u)  as shown on the  right  side of Figure D-8. 

Under  the  above  assumptions,  minimum  time to reduce  hori- 
zontal  component  to  zero  would be: 
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txrnin 31  secs. 

Minimum t i m e  t o  accelerate a t  l ay ]  a n d   t h e n   d e c e l e r a t e  a t  
t h e  same level t o  w = 0 w i t h i n  3000 f e e t   w i t h   n o  (R/D)max con- 
s t r a i n t s  would  be: 

tymin 4 3  secs. 

I t  i s  a p p a r e n t ,   h e n c e ,   t h a t   p r o p e r  management of t h e  
v e r t i c a l  component  of f l i g h t   v e l o c i t y  becomes  of  prime 
i m p o r t a n c e   i n   t h e   m i n i m i z a t i o n  of time of d e s c e n t .  

I. SEC u,  FPS 

80 60 40  20 0 40 80 120 160 200 240 
I 
I 
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--, -20 I 
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1 .  
I I '  I 

- .  - _ .  -. - - I  

' I  
I 1" -10 Q \ I 

I ' I  I 

, 

I I /  u 11, " 

w = f(1) w; FPS w = f(u) 

Figure  D - 8  

Due t o   t h e  -w = f ( u )   c o n s t r a i n t s ,   t h e   a c t u a l  time of 
d e s c e n t  w i l l  be   longer   than  4 3  seconds.  ' T h e r e f o r e ,  it may b e  
a n t i c i p a t e d   t h a t   t h e  optimum s t ra tegy   should   be   based   on  
g e t t i n g  as q u i c k l y   a s   p o s s i b l e   t o   t h e   a r e a   o f   l a r g e   n e g a t i v e  
w v a l u e s .   S u b s e q u e n t l y ,   t h i s   h i g h  r a t e  of descent   should   be  
m a i n t a i n e d   u n t i l   t h e   l o w e s t   p o s s i b l e   a l t i t u d e   r e q u i r e d   f o r  
r e d u c t i o n  of -w t o   z e r o   ( a t  -Q = a ) i s  r e a c h e d .   S i n c e ,   i n  
t h e   c o n s i d e r e d   e x a m p l e ,   t h e   h i g h e s x   r a t e   o f   d e s c e n t   o c c u r s   a t  
u = 0 ,  i t  becomes d e s i r a b l e   t o   r e a c h   V ( u  = 0 ;  -w = 70 f p s )  as 
q u i c k l y  as poss ib le ,   Should   there   be l -wl  > I-wU=ol a t  Some 
o t h e r  u va lue ,   t hen   o f   cou r se ,  i t  m i g h t   b e   d e s i r a b l e   t o   r e a c h  
as q u i c k l y  as p o s s i b l e ,   t h a t   p a r t i c u l a r   c o m b i n a t i o n  of -w and 
u ,   a n d   d e s c e n d   i n   t h a t   c o n d i t i o n  as long  as p o s s i b l e   b e f o r e  
p r o c e e d i n g   t o   t h e   r e d u c t i o n   o f  t h e  u v a l u e   t o  0 .  
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A t  f i r s t   g l a n c e ,  it may a p p e a r   t h a t   t h e   f o l l o w i n g   s t r a t e g y  
(1) cou ld  be b e n e f i c i a l   ( d a s h - d o t   l i n e ,   F i g u r e   D - 8 ) :   F i r s t ,  
r e d u c e   t h e   h o r i z o n t a l  component  (u) a t  t h e  maximum p e r m i s s i b l e  
ra te  laxl = 10.25gI  and t h e n   d e s c e n d   v e r t i c a l l y ,  f i r s t  accele- 
r a t i n g  a n d   t h e n   d e c e l e r a t i n g  a t  I ayl = I1.2g I . However, a 
g l a n c e  a t  F i g u r e  D-8  w i l l  i n d i c a t e   t h a t   t h e   r e s u l t i n g  t i m e  of  
87 seconds i s  n o t  optimum. T h i s  i s  o b v i o u s l y   d u e   t o   t h e  31 
seconds " lost"  i n   h o r i z o n t a l   f l i g h t   w i t h   n o   d e c r e a s e   i n  a l t i -  
t u d e .  To c o r r e c t   t h i s   a s p e c t ,   S t r a t e g y  ( 2 )  i s  shown as a 
better a p p r o a c h   ( d o t t e d   l i n e   i n   F i g u r e   D - 8 ) :  ( a )  keeping 
u = uo c o n s t a n t ,  accelerate v e r t i c a l l y  a t  t h e  maximum permis- 
s ib le  r a t e  down t o   t h e  (R/D)max = f (u)   ,boundary;   (b)   fol low 
t h i s   b o u n d a r y ,   r e d u c i n g  u a t  t h e  -ax r a t e  u n t i l  u = 0 ,  and t h e  
cor responding  maximum p e r m i s s i b l e  r a t e  of v e r t i c a l   d e s c e n t  i s  
reached;  (c )  m a i n t a i n   t h a t  r a t e  of d e s c e n t ,   t h e n   r e c o v e r  a t  
l a y /  f rom  the  c r i t i c a l  a l t i t u d e .  I t  c a n   b e   s e e n   t h a t   t h e  t i m e  
c o r r e s p o n d i n g   t o   S t r a t e g y  ( 2 )  i s  t = 65  seconds,  and it probably  
e i t h e r   r e p r e s e n t s   a n  optimum o r  i s  c l o s e   t o  it. However, 
s h o u l d   t h e   p e r m i s s i b l e  r a t e  o f   d e s c e n t   a t  u c o r r e s p o n d i n g   t o  
t h e   g a t e   s p e e d   b e   h i g h e r   t h a n   a t  u = 0 ,  it would be more  bene- 
f i c i a l   t o   e x e c u t e   t h e  minimum-time landing  maneuver by s t a y i n g  
a t  t h a t   s p e e d  ( U O )  and t h e  cor responding  maximum p e r m i s s i b l e  
ra te  of d e s c e n t   u n t i l   a n   a l t i t u d e  i s  reached t h a t  i s  s u f f i c i e n t  
t o   p e r f o r m  a maneuver   cons i s t ing   o f   " r id ing"   t he  (R/D)max = f ( u )  
boundary   and   then   reducing   the  r a t e  o f   d e s c e n t   t o  w = 0 a t  l a y / .  

Fuel   Minimizat ion:   Fuel   minimizat ion  problems  throughout  
the   whole   descent   maneuver   a re  (as i n   c l i m b )  synonymous wi th  
those   o f  t i m e  min imiza t ion  - t o t a l   w e i g h t   o f   f u e l   u s e d  i n  
d e s c e n t   f r o m   a + g i v e n   a l t i t u d e  (H) and a g i v e n   i n i t i a l   f l i g h t  
v e l o c i t y  Go = uo + wo t o   v e r t i c a l   l a n d i n g   a t  a p e r m i s s i b l e  
touchdown  speed Wtd can be  expressed  as t h e  fo l lowing   func-  
t i o n a l :  

-+ 

where  dy/w(y) i s  s u b s t i t u t e d   f o r   d t .  

An i n s p e c t i o n  of the   above   equat ion  w i l l  immediately 
i n d i c a t e   t h a t   s i n c e ,   i n  a l l  p r a c t i c a l  cases, t h e  r a t e  o f   t o t a l  
fue l   consumpt ion ,  as expressed   by   the   p roduct  of SHP*sfc* 
d e c r e a s e s   w i t h   r e d u c t i o n  of SHP, optimum s t r a t e g y   f o r   f u e l  
min imiza t ion   i n   descen t   shou ld   be   based   on   ma in ta in ing   t he  
ra te  of d e s c e n t  as h igh  as p o s s i b l e ,   w h i l e   k e e p i n g   t h e  power 
l e v e l  as low as p o s s i b l e .   T h i s   o b v i o u s l y ,  means t h a t  upon 
s e l e c t i n g  (R/D)max b o u n d a r y   c o r r e s p o n d i n g   t o   t h e   l o w e s t   p e r -  
m i s s i b l e  power s e t t i n g ,  a s t r a t e g y   l e a d i n g   t o   t h e  minimum t i m e  

* I n   s p i t e   o f   t h e   i n c r e a s e   o f  sfc,  t h e   t o t a l   f u e l   f l o w  as given  
by t h i s   p r o d u c t   d e c r e a s e s .  
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of  descent  should  be  worked out. 

However,  if  the  landing  problem is further  constrained  by 
specifying  the  horizontal  gate  position  (Xg) in addition to 
the  gate  velocity and altitude, the minimum  time and fuel 
trajectories  may not be  identical. For clarification,  the 
parameter X* is introduced  to  represent  the  horizontal  distance 
traversed  by  the  tilt-rotor  aircraft  while  performing  a  minimum 
time  descent  with an  unspecified  gate  position.  (In  this case, 
minimum  time  and  fuel  trajectories  are  synonymous.)  The 
resulting  optimal  trajectory  has  associated  with it, a  time  t* 
and the  fuel  consumed WF*. 

If  a  horizontal  gate  position (Xg) is  chosen  which is 
less  than X*, then  the  time  to  descend (tg) from  this  new  gate 
position  will  be  larger  than t*. Furthermore,  the  fuel  con- 
sumed  will  also  be  greater.  However,  because  the  power  level 
of  the  aircraft is maintained  at  its  smallest  value,  the  mini- 
mum  time  and  fuel  trajectories  for  this  further  constrained 
problem  formulation  remain  synonymous. 

If a  gate  position (X,) is  chosen  which  is  la-rger  than  X*, 
minimum  time  and  fuel  trajectories  are  no  longer  identical.  In 
both  the  minimum  time and fuel  trajectories  which  result, 
tg 2 t*  and W F ~  2 WF*. 

However,  at  these  large  horizontal  gate  distances,  less 
fuel  is  expended by maintaining  aerosynamically  efficient 
flight  conditions  at  low  power  levels.  For  example,  if 
Xg > >  X*,  a  minimum  fuel  trajectory  from  a  prescribed  altitude 
and  gate  velocity  would  have  a  rather  long  segment  of  steady- 
state  flight  at or  near  the  best  range  velocity of the  air- 
craft. A minimum  time  trajectory,  from  the  same  set of initial 
conditions  would  have  a  segment  of  flight  at, or near,  the 
maximum  velocity  limits  of  the  aircraft. 

This  short  discussion of  the  factors  which  are  important 
in the  determination of optimal  tilt-rotor  trajectories  has 
been  presented  for  the  reader's  convenience.  Many  of  the 
aerodynamic  considerations  of  the  complete  tilt-rotor  model 
(Section 11) have  been  omitted  or  simplified to help  develop 
the  analytical  train  of  thought  necessary  to  analyze  the  re- 
sults  of  the  complete  kinematic  model  which  is  presented  in 
Section V. 

The Boeing  Company 
Vertol  Division 
Philadelphia,  Pa., 17 January 1 9 7 2  
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APPENDIX E 

LIST O F  SYMBOLS 

A 

m 
B 

B 

C 

C 

C 

CD 

CF 1 

CL 

D 

D 

F 

H 

H 

J 

J 

J' 

K 

K 

t o t a l  disc  area o f   t h e   r o t o r s ,  f t2  

a s p e c t   r a t i o  

number  of   blades,   or  

vo r t ex   no i se   bandwid th   Dopp le r   co r rec t ion   f ac to r ,  dB 

wing  chord, f t ,   o r  

c o m p l e x   F o u r i e r   c o e f f i c i e n t   o f   s o u n d   p r e s s u r e ,  o r  

a i r l o a d   c o e f f i c i e n t  

d r a g   c o e f f i c i e n t  

change i n  CLmax when f l a p   d e f l e c t i o n  = 90'  

change i n   t h e   d r a g   c o e f f i c i e n t   d u e   t o   r e d u c t i o n   o f  
t he   w ing   p l an fo rm  a rea  when t h e  f l a p   d e f l e c t i o n  
ang le  ( 6 f )  = 0 

p r o f i l e   d r a g   c o e f f i c i e n t  when ang le   o f   a t t ack   o f  
t h e  wing (a,) = + g o o ,  f l a p   d e f l e c t i o n   a n g l e  ( 6 f )  = 0' 

l i f t   c o e f f i c i e n t  

d r a g ,   l b s . ,   o r  

v o r t e x   n o i s e   d i r e c t i v i t y   f a c t o r ,  dB 

ha rmon ic   a i r load  

a l t i t u d e ,   f t ,   o r  

r o t o r   i n p l a n e   d r a g   f o r c e ,   l b s  

p a y o f f   f u n c t i o n ,   o r  

Bessel f u n c t i o n   o f  t h e  f i r s t   k i n d  

d e r i v a t i v e   o f  Bessell f u n c t i o n  

w e i g h t i n g   f a c t o r ,   o r  

e m p i r i c a l   v o r t e x   n o i s e   c o n s t a n t  
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L 

M 

M t  

N 

P 

P r  

- 
P 

PNL 

R 

R 

R/C 

R/D 

RP 

S 

sb 

SHP 

SP 

T 

T 

V 

V '  

V l 1  

VE 

V r  

l i f t ,   l b s  

Mach number = t r a n s l a t i o n a l   v e l o c i t y   w i t h   r e s p e c t  t o  
a i r / s p e e d  of sound 

r o t o r   b l a d e   t i p   r o t a t i o n a l  Mach number 

n o i s e   l e v e l  i n  g e n e r a l  

power, f t .   l b s / s e c  

i d e a l   i n d u c e d  power to   hove r   w i thou t   download ,  
f t .   l b s / s e c  

nondimensional  power ( P / P r )  

p e r c e i v e d   n o i s e   l e v e l ,  PNdB 

r o t o r   r a d i u s ,   f t ,   o r  

u n i v e r s a l   g a s   c o n s t a n t ,  53.3 f t . l b / s l u g  

r a t e   o f   c l i m b ,   f t / s e c  

r a t e   o f   d e s c e n t ,   f t / ' s e c  

r o t o r   p o w e r ,   f t . l b s / s e c  

vo r t ex   no i se   spec t rum  shape   f ac to r ,  dB 

t o t a l   b l a d e   a r e a ,   f t 2  
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t e m p e r a t u r e ,  OF 

f l i g h t   v e l o c i t y ,   f t / s e c  
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r o t o r   s l i p s t r e a m   v e l o c i t y ,   f t / s e c  

e f f e c t i v e   r o t o r   t i p   s p e e d ,   f t / s e c  

O R  

f t /sec 

r e f e r e n c e   v e l o c i t y :   i d e a l   i n d u c e d   v e l c c i t y  i n  hover ,  
f t / s e c  = J W / ~ P A  
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time 
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